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ABSTRACT
Dust grains may be accelerated to relativistic speeds by radiation pressure, diffusive shocks, and
other acceleration mechanisms. Such relativistic grains have been suggested as primary particles of
ultrahigh energy cosmic rays (UHECRs). In this paper, we first revisit the problem of acceleration
by radiation pressure and calculate maximum grain velocities achieved. We find that grains can be
accelerated to relativistic speeds with Lorentz factor γ < 2 by powerful radiation sources, which is
lower than earlier estimates showing that γ could reach ∼ 10. We then investigate different destruction
mechanisms for relativistic grains traversing a variety of environments. In solar radiation, we find that
the destruction by thermal sublimation and Coulomb explosions is important. We also quantify grain
destruction due to electronic sputtering by ions and grain-grain collisions. Electronic sputtering is
found to be rather inefficient, whereas the evaporation following grain-grain collisions is shown to be
an important mechanism for which the a ∼ 0.01−1µm grains would be destroyed after sweeping a gas
column NCoul ∼ 5×10
19−5×1020 cm−2. Relativistic dust in the interstellar medium and intergalactic
medium (IGM) would be disrupted by Coulomb explosions due to collisional charging after traversing
a gas column NCoul ∼ 10
17 cm−2 unless grain material is very strong. We show that photoelectric
emission by optical and ultraviolet background radiation is also significant for the destruction of
relativistic dust in the IGM. The obtained results indicate that relativistic dust from galaxies would
be destroyed before reaching the Earth’s atmosphere and unlikely to account for UHECRs.
Subject headings: Cosmic rays, ISM: dust-extinction, kinematics and dynamics
1. INTRODUCTION
During the last several years, we have witnessed signif-
icant progress in the understanding of ultrahigh energy
(E > 1018 eV ) cosmic rays (UHECRs) thanks to large
collaborative research, including Pierre Auger Observa-
tory (Abraham et al. 2007), HiRes (Abbasi et al. 2008),
and Telescope Array (Sokolsky 2013). However, the ori-
gin and nature of primary particles of UHECRs remains
unclear (see Berezinsky et al. 2006 for a review). The
idea of primary protons for UHECRs is challenged by
the fact that highest energy protons, presumably com-
ing from extragalactic sources, are likely decelerated via
pion photoproduction due to their interactions with cos-
mic microwave background (CMB) photons, such that
the cutoff of cosmic ray (CR) spectrum, namely GZK
cutoff (Greisen 1966; Zatsepin & Kuz’min 1966), occurs
at ∼ 6 × 1019 eV. This idea also contradicts with avail-
able measurements of CR compositions, which show a
significant fraction of heavy nuclei.
Observational results from Auger array reveal that ac-
tive galactic nuclei (AGNs), which are believed to be
able to accelerate protons and nuclei to E ∼ 1021 eV ,
would be a potential source of UHECRs. Indeed, the
predicted spectra based on AGNs are also in a good
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agreement with observational data (see Berezinsky et al.
2006). Early Auger data (Abraham et al. 2007) show a
strong correlation of the direction of highest CR events
with the position of AGNs, which implies some degree
of anisotropy in the direction of UHECRs. However,
Pierre Auger Collaboration (2014) claimed that none of
their tests shows a statistically significant evidence of the
anisotropy previously reported. Thus, it is timely to re-
visit the original hypothesis of relativistic dust (i.e., dust
moving with velocity v > 0.1c where c is the speed of
light) as an origin of primary UHECRs.
Spitzer (1949) first pointed out that dust grains could
be accelerated to speeds close to that of light by radiation
pressure from supernovae. These relativistic grains are
thought to gradually disintegrate into heavy nuclei (e.g.,
Mg, O, Si, Fe, C) due to collisions with gaseous atoms
in the interstellar medium (ISM; see also Alfve´n 1954).
Later on, motivated by the detection of an extensive air
shower (EAS) that requires primary particles of energy
E > 1020 eV (Suga et al. 1971), Hayakawa (1972a) sug-
gested that relativistic dust grains might be a potential
candidate for UHECRs above ∼ 1020 eV . Relativistic
dust was once proposed to explain cosmic gamma-ray
bursts (Grindlay & Fazio 1974).
Hayakawa’s idea seems straightforward. A relativis-
tic, spherical grain of size a moving with Lorentz fac-
tor γ = (1 − β2)−1/2 with β = v/c has kinetic energy
Egr(a, γ) = (γ−1)mgrc
2 ≈ 7.05×1019(γ−1)/10ρˆa3−5 eV ,
where a−5 = a/10
−5 cm, ρˆ = ρ/3 g cm−3 with ρ mass
density within the grain, and mgr = (4π/3)ρa
3 ≈ 1.26×
10−14ρˆa3−5 g is the grain mass. Therefore, a relativis-
tic grain with a = 0.1µm and γ ∼ 10 carries energy
E ∼ 6.34 × 1019 eV , which is sufficient to account for
2superGZK particles.
Yet the hypothesis of relativistic dust as primary parti-
cles of UHECRs has not been well received, possibly, due
to the following problems. First, relativistic grains might
be destroyed in the solar radiation field before reaching
the Earth’s atmosphere by a process so-called Coulomb
explosion (Herlofson 1956). This phenomenon occurs
when the tensile strength caused by grain positive charge
exceeds the maximum limit that the grain material can
support. Berezinsky & Prilutsky (1973) found that rela-
tivistic dust with γ > 30 would be disrupted by Coulomb
explosions in the solar radiation field due to photoelec-
tric emission. Collisional charging by the interstellar gas
was also suggested by the authors to be important for
Coulomb explosions for subrelativistic grains moving in
the ISM. Elenskii & Suvorov (1977) proposed a survival
mechanism for relativistic dust based on ion field emis-
sion from the grain surface. They estimated that iron
grains between a ∼ 0.03 − 0.06µm and γ < 360 would
not be disrupted by Coulomb explosions and could reach
the Earth. However, both Berezinsky & Prilutsky (1973)
and Elenskii & Suvorov (1977) considered Coulomb ex-
plosions assuming a constant, low photoelectric yield
(Ype = 0.1), which did not take into account the emission
of Auger and secondary electrons, and the dependence of
yield on grain charge. This paper considers these effects.
Second, relativistic grains may be destroyed via radia-
tive heating by strong solar radiation. McBreen et al.
(1993) showed that iron grains with E ∼ 1019 eV and
γ < 360 would melt but carbonaceous grains likely sur-
vive this radiation field. They also suggested that the
iron grains with E < 1019 eV if coming from the direc-
tion opposite to the Sun would survive solar radiation.
Their study adopted a constant, high emission efficiency
(∼ 0.5) for all grain sizes, which is much higher than the
exact value given by the Planck-averaged emission effi-
ciency. As a result, the grain equilibrium temperature
is largely underestimated. The present paper accounts
for this effect. In addition, because it is unclear whether
melting has any significant direct effect on the destruc-
tion of refractory dust, we will focus on a more general
process so-called thermal sublimation.
Bingham & Tsytovich (1999) revisited the problem of
grain charging by photoelectric emission using inverse
Compton scattering theory and derived a critical value
γcr ∼ 10
4 below which relativistic grains would not be
disrupted by Coulomb explosions. This critical value
appears to be much higher than earlier estimates by
Berezinskii & Prilutskii (1977) and Elenskii & Suvorov
(1977). It is noted that the Compton treatment in
Bingham & Tsytovich (1999), which treats all electrons
of atoms in the dust grain as free electrons, is only
valid for γhν much larger than the bonding energy of
atomic electrons. For K-shell electrons of iron grains
with E ∼ 7000 eV, this requires hν > 104 eV , or γ ≥ 104
with solar photons. Thus, an improved treatment of grain
charging for γ < 104 is needed before any reliable conclu-
sion on the survival of these grains can be made.
While radiative destruction by solar photons has been
studied by a number of aforementioned authors, colli-
sional destruction by collisions of ions (neutrals) from
ambient plasma with relativistic grains is not yet stud-
ied in detail. In the frame of reference fixed to the rela-
tivistic grain, ions can have kinetic energy E > 1 GeV.
Such energetic ions can swiftly pass through an interstel-
lar grain (size likely a ≤ 1µm) while transferring part of
their energy to the grain’s atoms. Most of the energy
loss of ions in the grain is expended to produce elec-
tronic excitations and ionizations (Fano 1963; Inokuti
1971). Energetic heavy ions can produce a large number
of ionizations along the ion path, for which the Coulomb
repulsive force between nearby ionized atoms of the grain
can produce a damage track in the grain (Fleischer et al.
1965; Itoh et al. 2009). Heat deposition by secondary
electrons can impulsively produce a hot cylinder track,
and some atoms in the hot track near the grain surface
can be ejected (sputtering) (see e.g., Bringa & Johnson
2004), which may be important for grain destruction.
The destruction of relativistic grains by sputtering in
the Galaxy was briefly discussed in Dasgupta (1979).
The study extrapolated the sputtering yield obtained
from the knock-on sputtering regime (the low-energy
regime E < 1 MeV) for the E > 1 GeV range. They
obtained a rather low sputtering yield (Ysp ∼ 10
−6)
and concluded that sputtering is inefficient for the de-
struction of relativistic grains. However, modern un-
derstanding on sputtering indicates that, in the high-
energy regime (E > 1MeV), the electronic sputtering
induced by electronic excitations is more important (see
Johnson & Schou 1993 for a review). Thus, it is worth
to quantify the efficiency of electronic sputtering and its
destructive consequence for relativistic dust.
When a relativistic grain comes into the Earth’s atmo-
sphere, it will produce a huge EAS corresponding to the
superposition of Nn ∼ mgr/mH ≈ 6.0 × 10
9ρˆa3−5 shower
events initiated by nucleons of mass mH. This is because
the mutual interaction between atoms within the grain is
negligible compared to their kinetic energy, such that the
grain’s atoms can interact independently with atomic nu-
clei in the atmosphere. Observational measurements for
the depth of maximum shower Xmax (measured by the
air mass traversed by the primary cosmic ray in units
of g cm−2 from above the atmosphere to the location
of maximum number of secondary particles produced)
suggest that relativistic grains could not reproduce air
showers as observed (Linsley 1980). Anchordoqui (2000)
used Monte Carlo simulations to study the development
of dust grain initiated air showers (DGAS), aiming to
make comparison with the event recorded by Yakutsk
array on May 7, 1989 that is considered the best can-
didate of DGAS. The study found that the air shower
at Yakutsk might be explained by relativistic dust with
energy E = 36 − 38 EeV and log(γ) = 4 − 3.8. Appeal-
ing to the uncertainty in the survival of relativistic dust,
the study suggested that relativistic dust not to be com-
pletely ruled out. Therefore, it is important to revisit
this problem.
Our major improvements for the relativistic dust idea
in this paper include the followings. First, we calculate
maximum grain velocities (γ) accelerated by radiation
pressure, accounting for the redshift of radiation spec-
trum in the frame of relativistic grains. Second, we study
in detail the interactions of photons and ions with rela-
tivistic grains moving with arbitrary γ, taking into ac-
count effects of incident photons, secondary and Auger
electrons. For radiative destruction, we compute equi-
librium temperatures for grains heated by the full spec-
3trum of the radiation fields, taking into account radia-
tive, evaporative cooling, and collisional heating by ener-
getic ions passing through the grain. For Coulomb ex-
plosions, we calculate grain charges using improved pho-
toelectric emission models and collisional ionization by
ambient gas. Third, we investigate the new collisional
destruction mechanisms due to electronic sputtering and
grain-grain collisions, which are disregarded in earlier
works. Last, we consider the destruction processes of
relativistic grains moving in different astrophysical en-
vironments, including the solar system, ISM, and inter-
galactic medium (IGM).
The structure of the paper is as follows. In Section 2
we summarize the Lorentz transformations of radiation
energy and photon density from a stationary to a comov-
ing frame fixed to the dust grain and revisit the problem
of radiation pressure acceleration that was suggested as
a mechanism for producing relativistic dust. In Section
3 we briefly discuss the interaction between photons and
relativistic grains. Various interaction processes between
relativistic grains and ions, electrons, and neutrals in
plasma are discussed in Section 4. Grain heating by solar
radiation and grain destruction by sublimation are inves-
tigated in Section 5. Collisional charging, photoelectric
emission, and grain destruction by Coulomb explosions
are studied in Section 6. The destruction of relativistic
grains by electronic sputtering and grain-grain collisions
is quantified in Section 7. An extended discussion and
summary are presented in Section 8 and 9.
2. ORIGIN OF RELATIVISTIC DUST: RADIATION
PRESSURE ACCELERATION
2.1. Lorentz Transformations
Let us begin with a short summary of the Lorentz
transformations from a stationary frame (hereafter SF)
to a comoving frame attached to the grain (hereafter GF)
for some radiative quantities (see Appendix B for more
details), which are needed for studying relativistic effects
of dust both during the acceleration stage and their sub-
sequent interactions with photons and gas atoms.
Assuming that a dust grain is moving with Lorentz
factor γ in a radiation field. Let µ = cos θ be the cosine
angle between the direction of grain motion and that of
photon propagation. Let ν, u(ν) and n(ν) be the pho-
ton frequency, spectral energy density of radiation, and
number density of photons in the SF. In the GF, these
radiative quantities are denoted by ν′, u(ν′), and n(ν′),
respectively. Throughout this paper, the prime denotes
physical quantities in the comoving GF as usual.
The photon frequency in the GF is shifted as follows:
ν′ = γν(1− βµ). (1)
For an isotropic radiation field, the spectral and total
energy density in the GF are respectively given by
u′(ν′)dν′=u(ν)dνγ2
(
1 +
β2
3
)
, (2)
u′rad=uradγ
2
(
1 +
β2
3
)
, (3)
where urad =
∫
dνu(ν).
Similarly, for a point source of radiation, we have the
followings
u′(ν′)dν′=u(ν)dνγ2(1− βµgr)
2, (4)
u′rad=uradγ
2(1− βµgr)
2, (5)
where µgr = 1 and −1 for the cases grains leaving and
approaching the radiation source in the radial direction,
respectively.
2.2. Dust survival near luminous radiation sources
Assuming that a central radiation source of bolomet-
ric luminosity Lbol suddenly ignites, dust grains in the
surrounding medium are rapidly heated to temperature
Td and may be destroyed by thermal sublimation.
Guhathakurta & Draine (1989) investigated the subli-
mation of dust grains using detailed balance and derived
the sublimation rate for a grain of radius a:
da
dt′
= −n
−1/3
d ν0 exp
(
−B
kBTd
)
, (6)
where nd is the atomic number density of dust, B is
the sublimation energy per atom, ν0 = 2 × 10
15 s−1
and B/kB = 68100 − 20000N
−1/3K for silicate grains,
ν0 = 2 × 10
14 s−1 and B/kB = 81200 − 20000N
−1/3K
for carbonaceous grains with N being the total num-
ber of atoms of the grain (Guhathakurta & Draine 1989;
Waxman & Draine 2000).
Since the radiation flux decreases with increasing dis-
tance r from the central source as Lbol/r
2, grains close to
the source can be heated above the sublimation temper-
ature and then rapidly destroyed. The closest distance
that dust can survive the sublimation is equal to
rsub =
(
LUV
5× 1012L⊙
)1/2(
Tsub
1800K
)−5.6/2
pc, (7)
where LUV is the luminosity in the optical and UV, which
is roughly one half of the bolometric luminosity, L⊙ is
the solar luminosity, Tsub is the dust sublimation tem-
perature (see Scoville & Norman 1995; also Appendix
A.2). Above, the attenuation of radiation by dust ex-
tinction, which is small for dust near the sublimation
zone, has been disregarded. In the following, we adopt
Tsub = 1500K and 1800K for silicate and graphite grains
(see Guhathakurta & Draine 1989). With this choice of
Tsub, the 0.1µm silicate and graphite grains located at
rsub can survive for ∼ 0.4 yr and ∼ 3000 yr, respectively
(see Equations 43 and 44).
Luminous radiation sources (e.g., quasars and Seyfert
galaxies) are frequently strong emitters of X-rays, which
are expected to be important for grain destruction via
Coulomb explosions. Nevertheless, it was estimated in
Scoville & Norman (1995) that only the small < 0.01µm
grains are destroyed while larger grains would survive at
r ∼ 1pc.
2.3. Maximum Grain Velocities
Below we discuss grain acceleration by radiation pres-
sure for two classes of most powerful radiation sources,
including supernovae and active galactic nuclei (AGNs).
2.3.1. Supernovae
4Supernovae (type Ia and type II) have typical luminos-
ity Lbol ∼ 10
8L⊙, for which grains are unlikely acceler-
ated to v ∼ c. In this non-relativistic case, the radiation
pressure force acting on a stationary grain at distance r
from the central source is given by the usual formula:
Frad =
∫
dνc
u(ν)
hν
hν
c
Qpr,νπa
2 = urad〈Qpr〉πa
2, (8)
where u(ν) = Lν/(4πr
2c), urad = Lbol/(4πr
2c), Qpr,ν is
the radiation pressure efficiency by photon of frequency
ν, and
〈Qpr〉 =
∫
Qpr,νu(ν)dν∫
u(ν)dν
, (9)
is the radiation pressure efficiency averaged over the ra-
diation spectrum seen by the grain (Appendix A.1).
Disregarding the minor effect of gravitational force on
the grain, the increase of grain radial velocity in time
interval dt for the non-relativistic case is governed by:
mgrdv
dt
= Frad =
Lbol
4πr2c
〈Qpr〉πa
2, (10)
where Frad from Equation (8) has been used.
Using dt = dr/v and integrating the above equation
from the initial distance ri to r, we obtain
v2 =
Lbol
2πcmgr
〈Qpr〉πa
2
(
1
ri
−
1
r
)
, (11)
where the grain initially is assumed to be at rest. Equa-
tion (11) shows that the grain velocity at r ≫ ri is mainly
determined by its initial distance ri and Lbol.
Dust grains with Tsub = 1800K can survive beyond
rsub ∼ 10
16 cm for Lbol ∼ 10
8L⊙ (see Eq. 7). Plugging
ri = rsub and Lbol into Equation (11), we obtain:
v ≃ 0.1c
(
Lbol
108L⊙
)1/2(
〈Qpr〉
1.5
)1/2 ( ri
1016 cm
)−1/2
a
−1/2
−5 .(12)
2.3.2. Active galactic nuclei: Quasars or Seyfert Galaxies
Quasars or Seyfert galaxies have typical luminosity
Lbol ∼ 10
13L⊙, which yield rsub ∼ 1pc. Equation (12)
reveals that dust grains can achieve speeds v = 1.1c!
Such unphysical result directly arises from using Equa-
tion (12) derived for the non-relativistic case.
In the relativistic case, the radiation pressure force act-
ing on a grain is equal to
Frad =
∫
dν′c
u(ν′)
hν′
hν′
c
Qpr,ν′πa
2 = u′rad〈Qpr〉γπa
2,(13)
where ν′ is the frequency of photon and u′rad =
L′bol/(4πr
2c) is the energy density in the GF. Here 〈Qpr〉γ
is given by Equation (9) with ν replaced by ν′, which re-
sults in its dependence on γ.
The equation of motion for the radial velocity compo-
nent of relativistic particles derived by Robertson (1937)
takes the following form:
mgrcdu˜
dt′
=Fradw (1− wu˜) , (14)
where dt′ is the proper time measured in the GF, u˜ = γβ,
and w = γ−u˜ = γ(1−β). Above, the isotropic reemission
of dust in the GF has been assumed.
With dr = cβdt = cu˜dt′, Equation (14) can be rewrit-
ten as (cf. Noerdlinger 1971)
mgrcdu˜ =
L′bol
4πr2c
〈Qpr〉γπa
2(γ − u˜)
(
1− γu˜+ u˜2
) dr
cu˜
,
or
u˜du˜
(γ − 2u˜− 2u˜3 + 2γu˜2)
=
L′bol
4πmgrc3
〈Qpr〉γπa
2 dr
r2
.(15)
To find grain terminal velocities using Equation (15),
first we substitute L′bol = Lbolγ
2(1 − β)2 (see Equa-
tion 5). We also compute 〈Qpr〉γ for different γ using
a typical radiation spectrum of unobscured AGNs (see
Weingartner et al. 2006, hereafter WDB06). Then, we
solve Equation (15) numerically for u˜ as a function of r
with initial radius ri = rsub and final radius rf = 20rsub.
We found that u˜ rapidly increases with r and becomes
saturated after several rsub. The terminal velocities rep-
resented through γ for different grain sizes are shown
in the middle and right panels of Figure 1. It can
be seen that, for bright quasars or Seyfert galaxies of
Lbol ∼ 10
14 − 1015L⊙, radiation pressure can accelerate
dust grains to relativistic speeds with γ < 2. This ter-
minal γ is much lower than γ ∼ 10 obtained by simple
estimates in previous papers (e.g., Hayakawa 1972a).
2.4. Effects of Gas Drag During the Acceleration Stage
Maximum grain velocities presented in the preceding
subsection were obtained by disregarding the drag force
arising from the ambient gas. To see its importance on
grain deceleration, let us estimate the acceleration time
by radiation pressure and compare it with the drag time.
The acceleration time by radiation pressure is given by
τacc=
v
|dv/dt|
=
mgrv
Frad
=
mgrv4πr
2c
〈Qpr〉πa2Lbol
,
≃ 1.1× 106ρˆa−5r
2
pc
1.0
〈Qpr〉
( v
0.01c
)( Lbol
1013L⊙
)−1
s,(16)
rpc is the distance of the grain in units of pc. Thus,
grains can rapidly be accelerated to v ∼ 0.01c in ∼ 106 s
for Lbol ∼ 10
13L⊙.
For v much larger than the thermal velocity of gaseous
atoms under our interest, gas drag due to Coulomb colli-
sions by ions is subdominant, and the drag force can be
given by (see Draine 2011)
Fdrag = ngasµgasmHv
2πa2, (17)
where ngas and µgas is the number density and mean
molecular weight of the gas, respectively. This drag
force is obtained by assuming that the collision between
ions/atoms with the grain is completely inelastic such
that incident particles transfer their entire momenta to
the grain.
The drag time is equal to:
τdrag=
mgrv
Fdrag
=
mgrv
ngasµgasmHv2πa2
,
≃ 7.9× 106ρˆa−5µ
−1
gas
( ngas
104 cm−3
)−1 ( v
0.01c
)−1
s ,(18)
which is simply equal to the time needed for the grain to
collide with an amount of gas equal to the grain’s mass.
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Fig. 1.— Left panel: Averaged radiation pressure efficiency 〈Qpr〉γ versus grain size for different Lorentz factor γ =
(
1− v2/c2
)
−1/2
.
Middle and Right panels: γ of grains accelerated by radiation pressure as a function of the luminosity of the radiation source for different
grain sizes for graphite (middle) and silicate (right).
Equations (16) and (18) yield τdrag/τacc ≃
7.1(ngas/10
4 cm−3)−1(v/0.01c)−2(Lbol/10
13L⊙). For
the gas with ngas < 10
4 cm−3, τdrag/τacc ≫ 1, thus gas
drag can be negligible during the acceleration stage up
to v ∼ 0.01c. Above v ∼ 0.01c (energy ∼ 50 keV),5 gas
atoms simply pass through the grain (see Section 4),
which results in drag force rapidly falling with increased
velocity. In this case, grains can be accelerated to
v ∼ c by radiation pressure as shown in Figure 1. For
ngas > 10
4 cm−3, the gas drag force is dominant over the
radiation force at v ≪ 0.01c, and grains are obviously
not accelerated to the relativistic speeds.6 Lastly, it is
shown in Appendix (A.3) that the sputtering by ions is
negligible during the acceleration stage.
3. INTERACTIONS OF RELATIVISTIC DUST WITH
RADIATION
3.1. General Consideration
3.1.1. Low-energy photons
An incident, low-energy photon (hν < 20 eV ) will
be absorbed by the dust grain. When the photon en-
ergy is larger than the work function of the solid W
(see Appendix C), an electron from the band structure
can be excited and potentially becomes a photoelectron.
The kinetic energy of the excited electron is equal to
Ee = hν −W . To escape from the grain surface, the ex-
cited electron first must travel from the photoabsorption
site to the surface during which it transfers a significant
fraction of its energy to the grain. If the excited electron
has sufficient energy to overcome the surface Coulomb
barrier (in case of positive grain charge), then it will es-
cape from the grain surface to become a photoelectron
(see Weingartner & Draine 2001 for more details). For
hν < W , the photon energy is solely transferred to the
dust through electronic excitations without producing a
photoelectron.
3.1.2. High-energy photons
For high-energy photons (hν > 20 eV ), their interac-
tion with the dust grain is considered as the interaction
5 Using the range of H ion RH ≃ 0.01ρˆ
−1(E/1keV)µm
(Draine & Salpeter 1979b) one can estimate the energy required
for ion passing through the grain of size a to be E > 10a
−5ρˆ keV.
6 For realistic conditions of AGNs narrow line region (NLR) has
typical density ngas ∼ 102 − 105 cm−3, and broad line region has
higher density ngas ∼ 106 − 1010 cm−3. Therefore, grains initially
located in low density regions of NLR have chance to be accelerated
to v ∼ c by radiation pressure.
of photons with individual atoms within the grain. Af-
ter the absorption of an energetic photon, electrons from
inner shells can be excited and become photoelectrons.
When a photoelectron is liberated from the inner shell
of low-energy level i, it also leaves a hole. This hole will
be filled by an electronic transition from a higher en-
ergy level j. Such an electronic transition can be done
through radiativeless (Auger) process or radiative (fluo-
rescent) process. The former process is accompanied by
the ejection of a second electron (namely Auger electron)
from some allowed energy level k. The Auger electron
due to the (i, j, k) transition deposits some energy to the
grain when moving from the emitting place to the grain
surface and becomes a photoelectron if it has sufficient
energy to overcome the surface Coulomb barrier. After
an Auger transition, the atom is doubly ionized, with one
hole in j shell and another in k shell. These j and k holes
now can be filled by radiativeless transitions from j′ and
k′ shells, producing secondary Auger electrons. This pro-
cess continues until all Auger transitions have been used,
and the atom is multiply ionized. Theory indicates that,
for X-ray photon energy, the Auger transition process is
dominant over the radiative process (see Dwek & Smith
1996, hereafter DS96).
3.1.3. Very high-energy photons
For very high-energy photons (hν > 104 eV ), the dust
grain appears transparent to the radiation field, and the
interaction of photons with the dust grain can be treated
as the scattering of photons by free electrons. During
each scattering, the photon transfers part of its energy
to the electron via Compton effect, resulting in the recoil
of the electron. The scattered electron will become a
free photoelectron if it has sufficient energy to reach the
grain surface and overcome the potential barrier (see,
e.g., Bingham & Tsytovich 1999).
For photons with energy above 1 MeV (≥ 2mec
2), the
pair production starts to become important. Each nu-
cleus X in the dust grain interacts with an energetic
photon γph to produce an electron-positron pair, which
is given by X+γph → X+ e
++ e−. This additional pair
production process might help in explaining the observed
high positron fraction in primary cosmic rays by the AMS
collaboration (Accardo et al. 2014; Aguilar et al. 2014).
The inverse process to pair production, namely anni-
hilation, can happen when an electron e− of the dust
grain collides with a positron from the ambient plasma.
The process is followed by the emission of a photon via
6e− + e+ → 2γph.
4. INTERACTIONS OF RELATIVISTIC DUST WITH
AMBIENT GAS
4.1. General Consideration
Interaction processes between an incident charge parti-
cle and atoms of the dust grain (hereafter target atoms)
depend on its initial velocity (energy). When the particle
velocity is much smaller than the Bohr velocity v0 = e
2/~
(i.e., energy E ≪ 25 keV/amu with amu being atomic
mass unit), elastic collisions between the particle and
target atomic nuclei (hereafter low-energy regime) are
crucial. When the particle velocity increases, electronic
interactions between the particle and atomic electrons
(hereafter high-energy regime) become increasingly im-
portant and reach their maximum at v ∼ v0.
Below we summarize well-known formulas from stop-
ping theory of swift ions and electrons passing through
matter. Classical reviews can be found in Fano (1963)
and Ziegler (1999).
4.2. Incident Ions
Consider the interaction of an incident ion (projectile)
of charge ZP e and kinetic energy E (velocity βc) with
an electron of the target atom in the grain. Let ZT,i be
the atomic number of target element i.
The total energy loss of the incident ion per path-
length, which is usually referred to as stopping power
of the material, is given by
dEion
dx
=
∑
i
niSi, (19)
where ni is the atomic number density of element i, Si
is the electronic stopping cross-section of element i in
units of eV cm2, and the sum is taken over all elements
i present in the grain. The total atomic number density
in the grain is thus nd =
∑
i ni.
The Bethe-Bloch theory yields the following (see Fano
1963):
Si=
4π(ZP e
2)2
mec2β2
ZT,i
×
[
1
2
ln
2γ2mec
2β2Tmax
I2i
− β2 −
C
ZT,i
−
δ
2
]
, (20)
where Tmax is the maximum energy transferred from the
ion to the atomic electron, and Ii is the mean excitation
energy of element i. Here C/ZT,i is the shell correction
term, and δ/2 is the density correction term.
In binary collisions, Tmax is given by
Tmax =
2γ2M2Pmec
2β2
m2e +M
2
P + 2γmeMP
, (21)
where MP is the atomic mass of the projectile.
In the case 2γme/MP ≪ 1 (heavy ion or not very high
γ) we have Tmax = 2γ
2β2mec
2. Thus Equation (20) can
be rewritten as
Si =
4π(ZP e
2)2
mec2β2
ZT,i
[
ln
2mec
2β2
Ii
+ L(β)
]
, (22)
where
L(β) = ln
1
1− β2
− β2 −
C
ZT,i
−
δ
2
. (23)
The Bethe-Bloch formula (Eq. 20) with its correction
terms is of high accuracy for energetic ions with E > 1
MeV considered in this paper. The shell correction term
C/ZT,i is maximum at ∼ 0.3 and becomes negligible for
E > 10 MeV/amu. The density correction term δ/2 is
important and increases to above 1 for E > 5 GeV/amu
(see Ziegler 1999 for more details). Here we calculate δ/2
using an analytical fit from Sternheimer et al. (1984).
4.3. Incident Electrons
4.3.1. Electronic Excitation
The energy loss of an electron with kinetic energy E
per pathlength in the material due to electronic excita-
tions is equal to (see e.g., Longair 2011)
dEel
dx
=
∑
i
niSel,i (24)
where Sel,i is the energy loss by atom i having ZT,i elec-
trons, which reads
Sel,i =
4πe4
mec2β2
ZT,i
[
1
2
ln
2γ2mec
2β2Tmax
I2i
+
F(γ)
2
]
.(25)
Here Tmax is the maximum transfer energy to the tar-
get electron as usual, the first term in the square bracket
is analogous to that in Equation (20) for incident ions,
and
F(γ) = −
(
2
γ
−
1
γ2
)
ln2 +
1
γ2
+
1
8
(
1−
1
γ
)2
. (26)
For electron-electron collisions, we have Tmax = E/2 =
(γ−1)mec
2/2 (see Rohrlich & Carlson 1954), and Equa-
tion (25) becomes
Sel,i =
4πe4
mec2β2
ZT,i
[
1
2
ln
(
E2
I2i
γ + 1
2
)
+
F(γ)
2
]
.(27)
4.3.2. Bremsstrahlung radiation
In addition to electronic excitations, while passing the
grain, energetic electrons are accelerated in the Coulomb
force field of atomic nuclei and emit continuous radiation
(namely free-free emission) due to the Bremsstrahlung
effect. Bethe & Heitler (1934) derived the total energy
loss per pathlength by radiation for an electron:
dEBrems
dx
=
∑
i
ni
Z2T,ir
2
e
137
E
[
4 ln
(
2E
mec2
)
−
4
3
]
(28)
for mec
2 < E < 137mec
2Z
−1/3
T,i , and
dEBrems
dx
=
∑
i
ni
Z2T,ir
2
e
137
E
[
4 ln
(
183Z
−1/3
T,i
)
+
2
9
]
(29)
for E > 137mec
2Z
−1/3
T,i . Here re = e
2/mec
2 is the classi-
cal electron radius.
The spectrum of Bremsstrahlung emission is broad, in-
dependent of frequency, ranging from zero frequency to
νmax = E/h ≈ 511 keV(γ − 1)/h. Because most of the
Bremsstrahlung radiation energy is concentrated at high-
est frequency photons that easily escape from the grain,
we can assume that the radiative energy loss of electrons
does not contribute to grain heating.
74.4. Incident Neutrals
When an atom is moving at relativistic speeds, its ki-
netic energy is much larger than the orbital energy of
atomic electrons. The incident atom can be considered
to be a pair of the ion (nucleus) and electrons that in-
dependently interact with target atoms. The energy loss
of the atom is then the sum of the energy loss from its
nucleus and electrons:
dE
dx
=
(
dEion
dx
)
+
(
dEel
dx
)
+
(
dEBrems
dx
)
. (30)
4.5. Total energy loss, range and mean ionization length
We calculate the energy loss of incident ions/electrons
colliding with relativistic grains of different Lorentz
factor γ. To facilitate latter comparison with avail-
able experimental data of sputtering yield, we consider
the quartz (SiO2) for silicate with mass density ρ =
3.3 g cm−3, which yields nSi = nO/2 = 3.3 × 10
22 cm−3
and nd ∼ 10
23 cm−3.
Figure 2 (left panel) shows the energy loss of a H atom
(i.e., a proton and electron) by different processes and
its total energy loss. The energy loss of the electron via
electronic excitation is dominant until the radiative loss
via Bremsstrahlung effect becomes important for γ >
300. The right panel shows the total energy loss of several
atoms (H, He, C, O, and Fe) in the silicate material. As
expected, heavier atoms have much higher energy loss,
which can transfer higher amount of energy to the target
atoms. The energy loss decreases rapidly with increasing
γ up to a minimum at γ ∼ 2 due to the decrease in
the Coulomb ionization cross-section. As γ continues
to increase, dE/dx rises slowly due to the relativistic
correction for the transversal electric field. For γ > 300,
dE/dx rises rapidly due to the radiative loss of electrons.
The range that a projectile of initial energy E0 pene-
trates in solid before completely stopped is defined as
R(E0) =
∫ 0
E0
(
dE
dx
)−1
dE. (31)
It is also convenient to define the mean length between
two successive ionizations as λion =
W
dE/dx where W is
the average energy required to create an ionization in
the grain.
Figure 3 shows R and λion as functions of γ for the
different ions bombarding the silicate material. It can be
seen that relativistic ions have R≫ 1µm, i.e., they easily
pass through interstellar grains. In addition, light ions
(i.e., H, He) can create 2a/λion ∼ 10a−5 − 100a−5 ion-
izations along their entire path through the grain. More-
over, a heavy Fe ion can create ∼ 20 ionizations per
atomic layer, which forms a track of dense ionizations in
the grain referred to as ionization track.
5. DESTRUCTION OF RELATIVISTIC DUST BY THERMAL
SUBLIMATION
5.1. Grain Heating
5.1.1. Collisional Heating
To see the effect of incident particles on grain heating,
it is useful to estimate the average energy transferred to
an atom along the track:
∆E1 = l
dE
dx
≃ n
−1/3
d
dE
dx
≃ 21.54n
−1/3
23
(
dE/dx
109 eV cm−1
)
eV , (32)
where l is the mean interatomic distance and n23 =
nd/10
23 cm−3.
Using dE/dx from Figure 2, we find that a H atom
with dE/dx ∼ 107 eV cm−1 can transfer ∆E1 ∼ 0.21n23
eV to a target atom. Thus, the energy loss of the H
atom is mostly spent to grain heating. An Fe atom
with dE/dx ∼ 4 × 109 eV cm−1 can transfer ∆E1 ∼
86n23 eV to a target atom. This energy is sufficient
to ionize atoms from the band structure and outer
shells, providing secondary electrons with kinetic energy
Ee < 86 eV . The range of the secondary electrons is
Re ≃ 118ρˆ
−0.85(Ee/1 keV)
1.5A˚ (see Draine & Salpeter
1979b), which is less than 4A˚ for Ee < 86 eV . There-
fore, the secondary electrons produced by impinging Fe
atoms quickly loose their energy to the lattice and heat
the grain up. Similarly, secondary electrons produced by
other incident ions (e.g., He, C and O) transfer most of
their energy to the grain heating.
Let fcoll be the fraction of the energy loss dE/dx that
is expended to grain heating. Then, the rate of collisional
heating in the GF can be written as
dEh,coll
dt′
=
(
n′gasβc
)(
fcoll
dE
dx
)(
4πa3
3
)
, (33)
where n′gas = γngas is the gas density in the GF.
Taking the typical numeric values for dEcoll/dt, we can
obtain
dEh,coll
dt′
≃ 2× 10−7
( γngas
1 cm−3
)
βa3−5
(
fcoll
1.0
)
×
(
dE/dx
109 eV cm−1
)
erg s−1. (34)
It is adequate to adopt fcoll ≈ 1 for all incident ions,
whereas for electrons we only take the energy loss due
to electronic excitations (i.e., not including the radiative
loss).
5.1.2. Radiative Heating
The heating rate for a grain of size a by photons coming
from direction µ′ is given by
dEh,rad
dt′
=
∫
dν′
∫
dµ′πa2Qabs,ν′fdep(ν
′)cu′(ν′, µ′),(35)
where u(ν′, µ′) is the specific spectral energy density,
Qabs,ν′ is the absorption efficiency (see Appendix A.1),
and fdep(ν
′) is the fraction of photon energy deposited
to the grain taken from Table 5.1 and 5.2 of DS96.
For the point source of the solar radiation field and
assuming that the grain is arriving in the radial direction
(i.e., µgr = −1), one has ν
′ = νγ(1 + β). Through the
Lorentz transformations (see Appendix B), the integral
over µ can be analytically carried out, and one obtains:
dEh,rad
dt′
=
∫
dνπa2Qabs,ν′fdep(ν
′)cu(ν)γ2 (1 + β)2 . (36)
For the isotropic radiation (e.g., ISRF, CMB), ν′ is a
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Fig. 3.— Range R (left) and mean ionization length λion (right) for different ions in the silicate material with W = 8 eV .
function of both ν and µ. Equation (35) is rewritten as
dEh,rad
dt′
=
∫
dν
∫ 1
−1
dµπa2Qabs,ν′fdep(ν
′)c
u(ν)
2
γ2 (1− βµ)
2
, (37)
where the term (1− βµ)
2
describes the focusing effect of
radiation due to the relativistic motion of the grain. The
integral over µ is numerically computed using a grid of
32 directions for µ from −1 to 1.
5.2. Cooling and Equilibrium Temperature
The grain emits thermal radiation isotropically in the
GF, which results in radiative cooling at rate:
dEc,rad
dt′
=
∫
dν′4πa2Qabs,ν′Bν′(Td) = 4πa
2〈Qabs〉TdσT
4
d ,(38)
where
〈Qabs〉Td =
∫
dν′Qabs,ν′Bν′(Td)∫
dν′Bν′(Td)
(39)
is the Planck-averaged emission efficiency.
The sublimation/evaporation of atoms from the grain
surface also results in grain cooling, so-called evaporative
cooling, at rate
dEc,evap
dt′
= 4πa2nd
da
dt′
U0, (40)
where da/dt′ is given by Equation (6), and U0 is the
energy carried away by each atom, which is equal to the
binding energy of the dust atoms (see Waxman & Draine
2000. The evaporative cooling is expected to be domi-
nant for Td ≥ Tsub.
The grain equilibrium temperature is obtained by set-
ting the heating rate equal to the cooling rate:
dEh,rad
dt′
+
dEh,coll
dt′
=
dEc,rad
dt′
+
dEc,evap
dt′
. (41)
5.3. Thermal Sublimation in the Solar Radiation Field
To study the thermal destruction of relativistic dust in
the solar radiation field, we calculate the grain equilib-
rium temperature by solving Equation (41) numerically
for the full spectrum of solar radiation described by the
Planck function Bν(T⊙). The photon energy hν
′ and
energy density u′(ν′) in the GF are obtained through
the Lorentz transformations in Appendix 3. The grain
temperature Td(r) as a function of solar distance r is cal-
culated for r = 1AU to r = 10AU. The latter distance
is chosen such that the grain temperature is sufficiently
low and the sublimation is negligible.
Figure 4 shows Td(r = 1AU) for silicate and graphite
grains of different sizes. The silicate material with γ > 10
will undergo melting (phase transition) when Td = Tm =
1800K while approaching the Sun, but the graphite with
Tm = 4000K will hardly melt.
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Fig. 4.— Grain equilibrium temperature as a function of the Lorentz factor γ for silicate (left) and graphite (right) grains located at solar
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Because it is unclear whether melting has any direct
significant effect on the destruction of relativistic dust,7
here we will focus on a general effect of thermal subli-
mation that is expected to efficiently occur before the
melting point. In this scenario, whether grains can sur-
vive solar heating depends on the sublimation time and
arrival time into the Earth’s atmosphere.
The sublimation time of a dust grain with size a in the
SF is defined as
τsub(Td) = −γ
a
da/dt′
= aγn
1/3
d ν
−1
0 exp
(
B
kBTd
)
,(42)
where da/dt′ from Equation (6) has been used.
Plugging the numerical parameters into the above
equation, we obtain
τsub(Td) = 6.36× 10
3γa−5 exp
[
68100K
(
1
Td
−
1
1800K
)]
s (43)
for silicate grains, and
τsub(Td) = 1.36γa−5 exp
[
81200K
(
1
Td
−
1
3000K
)]
s (44)
for graphite grains.8
It can be seen that, at just above ∼ 1 AU, the sublima-
tion time of silicate grains with Td ∼ 1800K is sufficiently
long compared to the time needed to reach the Earth
τarr = 1AU/(βc) = 500 s for β ∼ 1. As a result, the
relativistic grains that survive until R ∼ 1− 2AU would
enter the Earth’s atmosphere as primary UHECRs.
To see the survival of a relativistic grain along its jour-
ney to the Earth, we integrate Equation (6) to obtain
the final grain size at rf = 1AU:
af − ai =
∫ 1AU
ri
n
−1/3
d ν0 exp
(
−
B
kBTd(r)
)
dr
βc
, (45)
where the increase of Td with decreasing r is included,
and we disregard the weak dependence of Td on the in-
stantaneous grain size during its arrival.
7 In terms of grain kinetic energy, a solid grain is identical to
the drop of the same volume.
8 The sublimation rates above are for uncharged grains, and the
presence of positive charge is expected to increase the sublimation
(see Guhathakurta & Draine 1989).
Let δasub/a = (ai − af )/ai. Then, grains are con-
sidered to be completely destroyed by sublimation when
δasub/a ≈ 1, and they may survive for δasub/a < 0.1.
The obtained results δasub/a are shown in Figure 5 for
silicate (left) and graphite (right) grains. There exists
a survival window for relativistic grains with parameters
(a, γ) satisfying the condition δasub/a < 0.1 (blue areas).
For graphite grains, there exists two regions of survival
at γ < 102 and γ > 103. The latter arises from the usage
of fdep computed for neutral grains in DS96, which have
fdep < 1 for highest photon energy. However, as shown
in our next section, grains of large γ have highly positive
charge for which entire photon energy can transfer to the
grain (i.e., fdep ∼ 1). As a result, the survival chance at
highest γ seems extremely rare.
6. DESTRUCTION OF RELATIVISTIC DUST BY
COULOMB EXPLOSIONS
6.1. Collisional charging
In the high-energy regime, incident electrons and ions
will not be stopped within the grain or recombine to af-
fect the grain charge as in the low-energy regime. These
energetic particles will instead produce secondary elec-
trons, and some of them can have sufficient kinetic en-
ergy to escape from the grain surface, increasing the grain
charge. The sputtering may also eject some ions from the
grain, but we will see in Section 7 that this process is very
inefficient in the high-energy regime.
The total charging rate for a dust grain having
4πa3nd/3 atoms by a flow of charge particles (P ) with
density nP arriving at velocity βc is given by
Jcoll(a, Z) =
∑
P=e,H,He
γnPβcσI(ZP , a, Z)
Zdnd4πa
3
3
,(46)
where σI is the ionization cross-section, and Zd is the
mean atomic number of dust, which is equal to 6 for
graphite and 10 for quartz (see Appendix C.2).
6.2. Photoelectric Emission
Following the absorption of an energetic photon, the
relativistic grain becomes positively charged as a result
of three basic processes: emission of primary photoelec-
trons, emission of Auger electrons, and emission of sec-
ondary electrons excited by high-energy primary photo-
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electrons and Auger electrons (see WDB06 for more de-
tails; also Appendix C).
Let Yp, YA and Ysec be the photoelectric yields for pri-
mary, Auger, and secondary electrons, which are func-
tions of photon energy hν′, grain size a and charge Z.
The charging rate by primary photoelectric emission is
given by
Jpe(a, Z) =
∫ ν′max
νpet,b
dν′
∫ 1
−1
dµ′πa2Qabs,ν′

Yp;b +∑
i,s
Yp;i,s

 cn′, (47)
where ν′ is the frequency and n′ = n′(ν′, µ′) is the den-
sity of photons coming from direction µ′ in the GF, νpet,b
denotes the frequency threshold of photoelectric emission
from the band structure (see Appendix C), and ν′max is
the maximum frequency of the radiation spectrum in the
GF. Here, Yp;b is the yield of primary photoelectrons from
the band structure, Yp;i,s is the partial yield from elec-
tronic shell s of element i, and the sum is taken over all
inner shells s and elements i. In addition, the depen-
dence of Qabs and Y on a and ν
′ has been omitted for
simplicity.
The charging rate due to the emission of Auger elec-
trons is
JA(a, Z) =
∫ ν′max
Iis,min /h
dν′
∫ 1
−1
dµ′πa2Qabs,ν′
∑
i,s,j
YA;i,s,jcn
′, (48)
where Iis,min is the ionization potential of the shell is,
and the sum is over all electronic shells s, elements i,
and Auger transitions j.
Similarly, the charging rate for secondary effects arising
from the excitation of primary photoelectrons and Auger
electrons is
Jsec(a, Z) =
∫ ν′max
νpet,b
dν′
∫ 1
−1
dµ′πa2Qabs,ν′
∑
k
Ysec;kcn
′, (49)
where the sum runs over all primary photoelectrons and
Auger electrons.
The charging rate due to photoelectric emission can be
simplified as
Jchrg(a, Z) =
∫
dνπa2Qabs,ν′Ychrgc
u(ν)
hν
γ (1 + β) , (50)
for the point radiation source, and
Jchrg(a, Z) =
∫
dν
∫ 1
−1
dµπa2Qabs,ν′Ychrgc
u(ν)
2hν
γ (1− βµ) , (51)
for the isotropic radiation field where chrg denotes the
pe, A, and sec processes.
The total charging rate in the GF due to photoelectric
emission is then given by
Jphe(a, Z) =
∑
i=pe,A,sec
Ji(a, Z). (52)
6.3. Maximum grain charge
6.3.1. Coulomb explosions
Efficient grain charging by photoelectric emission and
collisional ionization can rapidly increase grain positive
charge, which results in an increased electric surface po-
tential φ = Ze/a and tensile strength S = (φ/a)2/4π.
When the tensile strength exceeds the maximum limit
that the material can support Smax, the grain will be
disrupted by Coulomb explosions.
Setting S = Smax, we can derive the maximum surface
potential and charge that the grain still survives:
φmax ≃ 1.06× 10
3
(
Smax
1010dyn cm−2
)1/2
a−5V, (53)
Zmax ≃ 7.4× 10
4
(
Smax
1010dyn cm−2
)1/2
a2−5. (54)
The value Smax is uncertain due to the uncertainty in
the grain material. Experimental measurements for ideal
material provide Smax ∼ 10
11dyn cm−2. Throughout this
paper we take a typical material Smax ∼ 10
10dyn cm−2
for our numerical considerations unless stated otherwise.
6.3.2. Ion field emission
When a grain is positively charged to a sufficiently
strong electric field, the emission of individual ions (ion
field emission) from the grain surface can take place.
Experiments show that with an electric field φ/a ∼
3×108V cm−1, ion field emission already occurs for some
metals (see Table 1 in Tsong & Mu¨ller 1970). Thus,
grains may gradually be destroyed by ion field emis-
sion without Coulomb explosions in the case of ideal
11
material with Smax ∼ 10
11dyn cm−2 (i.e., φmax/a ∼
3× 108Vcm−1).
6.4. Photoelectric Yield
To calculate photoelectric yields, we use the meth-
ods from WDB06 for high-energy photons (E > 50 eV )
and Weingartner & Draine (2001) for low-energy photon
(E < 20 eV ). For 20 eV < E < 50 eV , interpolation be-
tween two energy ranges is performed. We assume that
silicate material is made of MgFeSiO4 while graphite ma-
terial purely consists of carbons. The mass density is
ρ = 3.5 g cm−3 and 2.2 g cm−3 for silicate and graphite,
respectively. The ionization potentials Ii,s for different
shells and elements are similar to those in Table 1 of
WDB06. The energy and averaged number of Auger elec-
trons following a primary transition are taken from Table
4.1 and 4.2 in DS96.
Figure 6 shows the total photoelectric yield (sum over
the yields of primary photoelectrons, Auger and sec-
ondary electrons) for a neutral silicate (left panel) and
graphite (right panel) grain of different sizes. The yield
is higher for smaller grains and can be more than unity
(i.e., one energetic photon can produce more than one
free electron).
Figure 7 shows the photoelectric yield computed for a
grain of charge Z = Zmax given by Equation (54). The
yield Y tends to zero when the photon energy becomes
lower than the ionization potential IP(Z = Zmax). More-
over, for photon energy higher than IP(Zmax), Y is also
decreased compared to that for the neutral grain due to
the higher potential ionization.
6.5. Coulomb explosions in the solar radiation field
Let us assume for now that relativistic dust can en-
ter the solar system and study grain destruction by
Coulomb explosions in the solar radiation field with spec-
trum Bν(T⊙). Discussion on whether relativistic dust
can survive traversing the ISM to reach the solar system
is presented in Section 8.2.
Since the solar energy density varies with solar dis-
tance as urad ∝ 1/r
2, the charging rate (Eq. 52) can be
rewritten as:
dZ
dt′
= Jphe(a, Z)AU
(
AU
r
)2
, (55)
where Jphe(a, Z)AU is the charging rate calculated at dis-
tance r = 1AU. Hence,
dZ
Jphe(a, Z)AU
= AU2
dt′
r2
=
AU2
cβγ
dr
r2
, (56)
where dr = cβdt = cβγdt′ has been used.
To determine the solar distance at which Z = Zmax, we
integrate Equation (56) from initial charge Zi to Zmax,
which correspond to r = Ri to r = Rmax. It yields(
1
Rmax
−
1
Ri
)
=
cβγ
AU2
×
∫ Zmax
Zi
dZ
Jphe(a, Z)AU
. (57)
Assuming that relativistic grains enter the solar sys-
tem from the ISM (Ri ≫ 1 AU) with Zi equal to
the mean grain charge in the ISM, then it seems ade-
quate to take Zi = 0 because Zmax is essentially much
larger than the mean charge of interstellar grains (see
Weingartner & Draine 2001).
To numerically compute the integral (57), we first cal-
culate the photoelectric yield Y (a, Z) and Jtot(a, Z)AU
from Z = 0 to Z = Zmax.
Figure 8 shows the obtained results for Rmax as a func-
tion of γ for different grain sizes. As shown, some grains
have Rmax < 1AU, i.e., they can survive Coulomb dis-
ruptions and reach the Earth’s atmosphere. For instance,
the a = 0.1µm grains can reach the Earth for γ < 102
and are destroyed above this value. For all grain sizes
considered, Rmax tends to fall after reaching its peak,
which directly arises from the decrease of Qabs at highest
photon energy (see Figure 16) that decreases the charg-
ing rate.
For γ > 104, the charging rate was derived using
the Compton scattering theory by Bingham & Tsytovich
(1999). Using their result, we can estimate grain charge
at distance r = 1 AU as the following:
ZC(r = 1AU)≃ 8.8× 10
10
(
AU
cβ
)
a3−5 exp
(
−
0.4a
1/4
−5 ρˆ
1/4
γ5
)
,
≃ 4.4× 1013a3−5β
−1 exp
(
−
0.4a
1/4
−5 ρˆ
1/4
γ5
)
. (58)
Comparing ZC(r = 1AU) and Zmax it can be seen that
relativistic grains with γ > 104 are completely destroyed
by Coulomb explosions in solar radiation.
7. DESTRUCTION OF RELATIVISTIC DUST BY
SPUTTERING AND GRAIN-GRAIN COLLISIONS
7.1. Introduction to Electronic Sputtering
The ejection of atoms from dust grains (i.e., sput-
tering) in hot gas and interstellar shocks for the low-
energy regime has been well studied (Draine & Salpeter
1979a; Tielens et al. 1994). This knock-on sputtering
arises from elastic collisions in which the kinetic energy
of incident ions is directly converted to the motion of
target atoms (see Sigmund 1981). When the velocity of
incident ions is sufficiently large (a fraction of the Bohr
velocity v0), electronic excitations can result in the ejec-
tion of atoms. This electronic sputtering process has been
studied extensively both by numerical simulations and
experiments.
Two leading models have been proposed to ex-
plain electronic sputtering, including thermal spike and
Coulomb explosion (see Johnson & Schou 1993 and
Bringa & Johnson 2003 for reviews).
In the thermal spike model, electronic sputtering is be-
lieved to occur as follows. After the passage of a swift
heavy ion, on a timescale ∼ 10−17−10−13 s, electronic in-
teractions can produce a large number of secondary elec-
trons in a narrow cylinder along the ion’s path through
the grain. In 10−13−10−11 s, secondary electrons rapidly
transfer their energy to surrounding atoms to create a hot
ionization track from which some highly excited atoms
can gain sufficient kinetic energy to break atomic bonds
and escape from the grain surface.
In the Coulomb explosion model, electrostatic re-
pulsion between transiently ionized atoms in the ion-
ization track (Fleischer et al. 1965) directly converts
electrostatic energy to atomic motion, which can re-
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Fig. 6.— Total photoelectric yield due to the emission of primary, Auger and secondary electrons as a function of photon energy for
silicate (left) and graphite (right). Neutral grains (Z = 0) and different grain sizes are considered.
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explode in solar radiation at large distance from the Sun, while some grains with lower γ can reach the Earth’s atmosphere.
sult in the ejection of atoms near the grain surface
(Johnson & Brown 1982). In both models, the forma-
tion and characteristics of the ionization track are a key
factor for computing the yield of electronic sputtering.
7.2. Track Radius and Sputtering Yield
7.2.1. Track Radius
The radius of the ionization track created by an ener-
getic heavy ion, rcyl, can be calculated using the bond-
breaking model (Tombrello 1994):
rcyl =
(
η
2πec
dE
dx
)1/(2−η)
R
−η/(2−η)
⊥ , (59)
where ec is the critical energy density for bond breaking,
0 < η < 1 is a constant obtained from fitting to ex-
perimental data, and R⊥ = (840ǫ/ρ) A˚ is the maximum
radial range of secondary electrons in the material with ǫ
being the ion kinetic energy per mass units in MeV/amu.
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The track radius obtained from Equation (59) was
found in good agreement with the experimental data (see
e.g., Bringa et al. 2007). For our calculations for silicate
grains, we use the good fit parameters from Tombrello
(1994) ec = 0.024 eV A˚
−3 and η = 0.27 for Fe ion
bombarding SiO2. For carbonaceous grains, we adopt
ec = 0.014 eV A˚
−3 for polysterine (C8H8).
For heavy energetic ions, all atoms in the hot ionization
track of height l can be excited, and it is useful to define
an average excitation energy per atom by
Eexc =
ldE/dx
ndlπr2cyl
=
dE/dx
ndπr2cyl
, (60)
where nd is the atomic number density in the grain.
7.2.2. Sputtering Regimes
Let U0 be the binding energy of the grain material
and Ysp,i be the sputtering yield induced by incident
ion/atom i.
For Eexc > U0, namely high-excitation energy regime,
the sputtering yield can be described by:
Ysp,i = Chigh
(
rcyldE/dx
U0
)
, (61)
where Chigh is a coefficient that describes the fraction
of dE/dx converted to atomic motion and the effects of
incident angle of ions for the high-excitation regime (see
Bringa & Johnson 2000).
For Eexc < U0, so-called low-excitation energy regime,
the sputtering yield depends nonlinearly on dE/dx:
Ysp,i = Clow
(
fldE/dx
U0
)q
, (62)
where f is the fraction of dE/dx converted to atomic mo-
tion, Clow is a coefficient for this low-excitation regime,
and q ≥ 3 (see Matsunami et al. 2007 for experiments
and Urbassek et al. 1994 and Bringa et al. 1999 for sim-
ulations).
7.2.3. Sputtering Yield
Figure 9 shows the sputtering yield as a function
of dE/dx for SiO2 from experiments (Matsunami et al.
2002), and the yield calculated for Fe ion using Equation
(61) with Chigh = 0.02 (solid line) and Equation (62)
with Clow = 0.02, f = 0.05 and q = 3.3 (dashed line). We
can see that the yield obtained in the former case fits well
to the experimental data for dE/dx > 8× 1010 eV cm−1.
For lower energy loss dE/dx, the yield calculated in the
latter case better fits to the experimental data.
The figure also shows the experimental results from
Khan et al. (2013) for graphite material. For the same
dE/dx, Ysp is significantly lower than that for SiO2 and
in good agreement with Ysp calculated by the threshold
regime with Clow = 0.005, f = 0.02 and q = 3.3 (dot-
ted line). The lower f value required to fit the data for
graphite perhaps is due to its high conductivity for which
photoelectron energy is rapidly transferred to the entire
grain rather than being localized within the ionization
track.
Results in Section 4 (e.g., Figure 2, right panel) indi-
cate that relativistic atoms have energy loss dE/dx <
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dE/dx from experiments for SiO2 (filled circles) and graphite (car-
bon solid; square symbols). Yields for SiO2 calculated in the
high- and low-excitation energy regimes are shown in solid and
dashed lines. Dotted line shows calculations for graphite in the
low-excitation energy regime.
2 × 1010 eV cm−1, for which the sputtering can be de-
scribed by the low-excitation energy regime (see Fig-
ure 9). Therefore, we use Equation (62) with the ob-
tained parameters Clow, f, q to compute the sputtering
yield for different atoms. Since the electronic sputtering
is determined by ionizations arising from both electron-
electron and ion-electron interactions, the energy loss
dE/dx adopted for calculations of sputtering yield is then
equal to the total energy loss of the atom (nuclei and
electrons) minus the radiative energy loss of electrons.
The sputtering yields by different atoms are shown in
Figure 10 for silicate (left panel) and graphite (right
panel) grains. We adopt U0 = 6.4 eV for silicate
and U0 = 4 eV for graphite grains, respectively (see
Tielens et al. 1994). We can see that the electronic sput-
tering is very sensitive to ion atomic mass, which is deter-
mined by their energy loss in the grain. The sputtering
from heavy Fe is the most important, which can reach
Ysp ∼ 10
−2 atoms/ion for silicate material. The sput-
tering by abundant, light elements (H, He) is negligible.
The sputtering yield for graphite material is two order of
magnitudes smaller.
7.3. Destruction by Electronic Sputtering
Let Xi be the abundance of element i relative to hy-
drogen. The net sputtering yield is obtained by summing
Ysp,i over all atomic elements in the ISM with their re-
spective abundances:
Ysp =
∑
i
XiYsp,i, (63)
where Xi are taken to be solar abundances given in
Draine (2011), although the abundance of elements in
the ISM varies with host galaxies.
The sputtering of atoms from the grain surface results
in the decrease in the grain mass at rate:
dMsp
dt
= −
mdNsp
dt
= ngasβcπa
2mYsp, (64)
where m is the mean atomic mass of dust.
The sputtering rate is given by
da
dt
=
1
4πa2ρ
dMsp
dt
= −
(
ngasβc
4ρ
)
mYsp,
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≃−0.01nˆgas
m
mC
(
β
0.1
)(
Ysp
10−6
)
µm Myr−1, (65)
where nˆgas = ngas/10 cm
−3 and mC carbon atomic mass.
Assuming that the slowing down of relativistic dust
is negligible, we can estimate the total column gas den-
sity that the grain has collided with until its complete
destruction by sputtering as follows:
Ncoll=
∫
ngasdr =
4ρa
mYsp
,
≃ 6× 1024ρˆa−5
mC
m
(
10−6
Ysp
)
cm−2, (66)
where dr = βcdt = 4ρda/(ngasmYsp) and Equation (65)
have been used.
Figure 11 shows sputtering rate |da/dt| induced by
the different atoms in the diffuse medium with ngas =
10 cm−3. As shown |da/dt| rapidly declines with γ to its
minimum at γ ∼ 2 and starts to rise with increasing γ.
It follows that the sputtering time is τsp = a/|da/dt| >
2a−5Myr for silicate grains and τsp > 200a−5Myr for
graphite grains with γ ≫ 1.
Relativistic silicate grains having Ysp ∼ 10
−6 would be
destroyed after sweeping up a gas column density Ncoll ∼
1025a−5 cm
−2, while graphite grains would be destroyed
after Ncoll ∼ 10
27a−5 cm
−2 with Ysp ∼ 10
−8.
7.4. Evaporation due to Grain-Grain Collisions
For relativistic speeds, grain-grain collision can be con-
sidered as the simultaneous bombardment of a target
grain by a large number of neutral atoms from the projec-
tile grain. Both target and projectile grains can rapidly
be heated to high temperature by secondary electrons
produced during the collision and evaporate.
Let a and aT be the radius of the projectile and target
grain, respectively. Here the target grain is moving with
γ ≫ 1 through the ambient gas. The energy transferred
from the projectile to the target grain is equal to
∆E = NP ×
4aT
3
dE
dx
, (67)
where dE/dx is the energy loss per projectile atom per
pathlength in the target grain, and NP = nd4πa
3/3 is
the total number of atoms in the projectile grain.
According to the Debye model at high temperature,
the volume heat capacity is CV = 3NTkB where NT =
nd4πa
3
T /3 is the total number of atoms in the target
grain. Thus, the transient temperature of the target is
Td=
∆E
CV
=
(
a
aT
)3
4aT
9
dE/dx
kB
,
≃ 2.1× 107
(
a
aT
)3
aT,−5
(
dE/dx
4× 108 eV cm−1
)
K,(68)
where nd ≈ 10
23 cm−3 for both the target and projectile
grains.
If Td ≥ U0/3kB (i.e., the resulting thermal energy per
atom is above the binding energy), then the solid grain
suddenly transforms to vapor state, resulting in complete
destruction of the grain (see e.g., Tielens et al. 1994).
The critical size ac of the projectile that heats the target
grain to Td = U0/3kB can be evaluated using Equation
(68) as follows:
ac
aT
=
(
3U0
4aTdE/dx
)1/3
,
≃ 0.1
[
a−1T,−5
U0
6 eV
(
4× 108 eV
dE/dx
)]1/3
. (69)
For Tsub < Td < U0/3kB, the sublimation occurs effi-
ciently, resulting both in the loss of the grain mass and
the evaporative cooling in addition to the radiative cool-
ing. To study the dependence of mass loss of the grain
versus the grain temperature, it is convenient to write
da
dt
=
da
dT
×
dT
dt
(70)
where dT/dt is the decrease in grain temperature due to
the cooling given by
dT
dt
≡
1
3NTkB
(
dEc,rad
dt
+
dEc,evap
dt
)
. (71)
Using da/dt (absolute value) from Equation (6) and
dT/dt from the above equation for (70) one obtains
da
dT
=
3NTkB
(dEc,rad/dt+ dEc,evap/dt)
(
n
−1/3
d ν0e
−B/Td
)
,
=
(
aT kB
U0
)(
1
τ−1c,rad/τ
−1
c,evap + 1
)
. (72)
Above, τc,rad and τc,evap are the radiative and evapo-
rative cooling times given by
τ−1c,rad=
dEc,rad/dt
3NTkBTd
=
〈Qabs〉TdσT
4
d
ndaTkBTd
, (73)
τ−1c,evap=
dEc,evap/dt
3NTkBTd
=
n
−1/3
d ν0e
−B/TdU0
aT kBTd
, (74)
where 〈Qabs〉Td is the Planck-averaged emission efficiency
(see Eq. 39).
To calculate the fraction of the grain mass evaporated
after a grain-grain collision, we first calculate the tem-
perature (Ti) from Equation (68) with dE/dx taken at
γ = 2 (i.e., the case of minimum energy loss, see Fig. 2).
Then we integrate Equation (72) from Ti to Tf = 1000K
to obtain the grain final size af . The value Tf is cho-
sen such that the sublimation is negligible (the grain
mass gets stabilized). The fraction of grain mass loss
is fsub =
(
a3i − a
3
f
)
/a3i .
Figure 12 shows fsub (solid lines) and Td (dashed lines)
as functions of a/aT for both silicate (left) and graphite
(right) grains with ac/aT marked by filled circles. It
can be seen that the mass loss is complete for a/aT ≥
ac/aT and sharply declines below this limit as expected.
In the following, we take ac/aT from Equation (69) for
the threshold of the complete evaporation by grain-grain
collisions.
The rate of hard-sphere grain-grain collisions is given
by
Rcoll(a, aT ) = n(a)βcπ(a
2 + a2T ), (75)
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Fig. 10.— Electronic sputtering yield Ysp vs. γ for silicate (left) and graphite grains (right) bombarded by H, He, C, O and Fe atoms.
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where n(a) = dn/da is the grain size distribution. The
total collision rate that results in the complete evap-
oration of the target grain is obtained by integrating
Rcoll(a, aT ) over the grain size distribution from ac to
amax:
Rcoll(aT ) =
∫ amax
ac
π(a2 + a2T )βc
dn
da
da, (76)
where amax is the upper cutoff of grain size distribution.
For the size distribution dn/da = ngasAMRNa
−3.5 from
Mathis et al. (1977) with AMRN = 10
−25.16 cm2.5, we ob-
tain
Rcoll(aT )=ngasβcπAMRN
×
[
a2T
2.5
(
a−2.5c − a
−2.5
max
)
− 2
(
a−0.5c − a
−0.5
max
)]
.(77)
Assuming a constant gas-to-dust mass ratio, the col-
umn density of gas swept by the target grain before its
complete destruction is
Ncoll=ngasβcR
−1
coll
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≃ (πAMRN)
−1
[
a2T
2.5
(
a−2.5c − a
−2.5
max
)
− 2
(
a−0.5c − a
−0.5
max
)]−1
.(78)
Using ac/aT from Equation (69) for (78) yields Ncoll ∼
5× 1019 − 5× 1020 cm−2 for aT ∼ 0.01− 1µm.
8. DISCUSSION
8.1. Can dust grains be accelerated to Lorentz factor
γ ≫ 1?
Let us begin our discussion with the original question
whether dust grains can be accelerated to relativistic
speeds with γ ≫ 1.
First, radiation pressure by powerful radiation sources,
such as quasars and Seyfert galaxies, is found to be able
to accelerate grains to relativistic speeds as in earlier
works. However, our improved calculations taking into
account the redshift of the radiation spectrum in the
grain’s comoving frame and the explicit dependence of
〈Qpr〉 on the grain radius a and γ show that the termi-
nal Lorentz factor cannot exceed γ ∼ 2, even for grains
initially located at distance rsub from the central source.
This result is much lower than earlier simple estimates
which predict γ up to ∼ 10 with assumption of constant
Qpr = 1 (Hayakawa 1972a; Bingham & Tsytovich 1999).
Meanwhile, radiation pressure from supernovae can only
accelerate grains to v ∼ 0.1c.
Second, diffusive shocks from supernova remnants
(SNRs), which are widely believed to be important for
the acceleration of CRs (Blandford et al. 1978), are also
found to be important for charged grains by theoreti-
cal study (Ellison et al. 1997) and numerical simulations
(Giacalone et al. 2009). Ellison et al. (1997) estimated
the maximum grain velocity achieved by the shock to
be:
βmax ≃ 0.024η
−1/3
(
Vsh
400 kms−1
)2/3
a
−1/3
−5 n
−1/3
gas φ
1/3
10 B
1/3
10 ,(79)
where the typical value η = 1, φ10 = φ/10 V with φ
the grain potential, B10 = B/10µG with B the magnetic
field strength, and Vsh is the shock velocity.
For a high shock speed Vsh = 10
4 km s−1, one ob-
tains βmax ∼ 0.2 for B ∼ 10µG. Since the magnetic
field may be amplified in the shock by streaming in-
stability (Berezhko et al. 2003; Beresnyak et al. 2009;
Riquelme & Spitkovsky 2010), we expect the grain veloc-
ity acquired from shock acceleration would be enhanced,
but it is unclear whether grains can achieve γ ≫ 1.
Third, charged grains can be accelerated by resonance
acceleration (Lazarian & Yan 2002; Yan et al. 2004) and
transit time damping (Hoang et al. 2012) by fast modes
of magnetohydrodynamic (MHD) turbulence. Very small
dust grains (e.g., polycyclic aromatic hydrocarbons)
can be accelerated to a few times thermal velocity by
charge fluctuations (Ivlev et al. 2010; Hoang & Lazarian
2012). Although the aforementioned acceleration mecha-
nisms are only able to accelerate grains to subrelativistic
speeds, they can provide sufficient injection energy for
grains to enter diffusive shocks and to be accelerated to
higher speeds. It is worth noting that sputtering is ex-
pected to be important in shocks, which may destroy
grains before being accelerated to relativistic speeds (see
Slavin et al. 2004).
Fourth, the acceleration of charged grains may also
occur due to magnetic reconnection that gets fast
in turbulent environments (Lazarian & Vishniac
1999; Kowal et al. 2009; Eyink et al. 2011; see
Lazarian 2014 for a review). The corresponding
first-order Fermi mechanism suggested for cos-
mic rays (de Gouveia Dal Pino & Lazarian 2005;
Lazarian 2005) has been successfully tested numerically
(Kowal et al. 2012) and was invoked for explaining
several space physics and astrophysical problems (see
Lazarian & Opher 2009; Lazarian & Desiati 2010).
We are confident that a similar mechanism should be
efficient for the acceleration of charged grains.
Finally, relativistic shocks in extragalactic sources (e.g.
AGN jets, gamma-ray bursts) may also be a potential
source for relativistic grains. Detailed studies on this
issue are beyond the scope of the present paper.
8.2. Can relativistic dust survive in the ISM?
Before entering the solar system, relativistic grains
travel through the ISM, and their collisions with inter-
stellar gas and dust are expected to be important for
grain destruction. We have investigated in detail new
destruction processes, including electronic sputtering by
ions/neutrals and grain-grain collisions in Section 7.
For electronic sputtering, we found that heavy Fe ions
are the most important, which can produce a consider-
able yield (Ysp ∼ 10
−2), whereas lighter ions (e.g., H,
He, C) induce negligible sputtering yields. Using the so-
lar abundances for gas elements and assuming that all
Fe atoms are present in the gas phase, the net sputtering
yield is estimated to be Ysp ∼ 10
−6 and 10−8 for silicate
and graphite grains, respectively. As a result, electronic
sputtering only destroys the relativistic grain after it has
swept a large column of gas, with Ncoll ∼ 10
25a−5 cm
−2
for silicate and Ncoll ∼ 10
27a−5 cm
−2 for graphite grains.
For grain-grain collisions, we found it an efficient pro-
cess for the destruction of relativistic grains. A grain-
grain collision can impulsively heat the target grain to
high temperature due to the energy transfer from sec-
ondary electrons to the entire grain. As a result, fast
evaporation following a single collision can completely
destroy the grains if the projectile grain is sufficiently
large. For the MRN size distribution, we found that
grain-grain collisions can destroy relativistic grains after
sweeping a gas column density 5 × 1019 cm−2 < Ncoll <
5 × 1020 cm−2 for 0.01µm < a < 1µm. The lifetime
against grain-grain collisions is τcoll,gg = Ncoll/cβngas <
55β−1(10 cm−3/ngas) yr for a < 1µm.
Let us now consider grain destruction related to grain
heating by the interstellar gas and radiation field (ISRF).
Assuming the isotropic ISRF with the energy spectrum
u(ν) estimated in the solar neighborhood (Mathis et al.
1983), the density of radiation energy in the GF is related
to u(ν) through Equation (B4). Collisional heating by
the ambient gas is calculated by Equation (34). Thus,
we can solve Equation (41) for grain equilibrium temper-
ature Td for relativistic dust moving in the ISM.
Figure 13 shows Td obtained for silicate and graphite
grains traversing different regions of the ISM. For γ = 1
(i.e., grains at rest in the gas), the grain temperature
is dominated by radiative heating from interstellar pho-
tons due to inefficient collisional heating. For γ > 1,
collisional heating becomes dominant, and Td tends to
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increase with increasing γ. The sublimation time τsub
for the 0.1µm grains is presented. As shown, silicate
grains with γ < 100 can survive collisional heating even
in dense regions with ngas = 10
4 cm−3 for > 100 yr,
but those with γ > 103 will be evaporated in regions
with ngas > 10
3 cm−3 in less than ∼ 100 yr. Graphite is
scarcely affected by collisional heating due to its higher
sublimation limit as expected.
To study the effect of grain charging on Coulomb ex-
plosions in the ISM, we calculate the maximum distance
that a relativistic grain has traveled before exploding by
integrating Equation (52) from Z = 0 to Z = Zmax:
Lmax = γβc
∫ Zmax
0
dZ
Jphe(a, Z) + Jcoll(a, Z)
. (80)
Figure 14 shows Lmax and NCoul = ngasLmax as func-
tions of γ for different grain sizes. It turns out that rela-
tivistic grains are electrically disrupted after traversing a
short distance Lmax ∼ 10
−3−10−2pc or column gas den-
sity NCoul ∼ 10
16 − 1018 cm−2, depending on a and γ.
Therefore, relativistic dust of typical strength adopted
Smax = 10
10dyncm−2 has no chance to survive its trip in
the ISM, as pointed out by our anonymous referee.
If the grain material is very strong such that Coulomb
explosions have not occurred when the grain potential
reaching φmax = 3 × 10
8Vcm−1, then ion field emission
will act to reduce the grain mass in which in each subse-
quent ionization will eject one atom from the grain. In
this case, the gas column traversed until complete de-
struction by ion field emission is much larger, as given
by (see Appendix C.2)
Nife ≃ 2× 10
20β2
(
10
ZT
)(
Smax
1010dyn cm−2
)1/2
a−5 cm
−2. (81)
In conclusion, relativistic dust will scarcely survive its
trip in the ISM unless they are accelerated to γ ≫ 1
within 0.01pc from Earth. Ion field emission may help
ideal material to survive the Coulomb explosions on a
distance ∼ 6.5a−5(10 cm
−3/ngas) pc.
8.3. Can relativistic dust survive in the IGM?
The IGM has typical number density of gas nIGM ∼
10−3−10−4 cm−3. With the sputtering yield Ysp ∼ 10
−6,
Equation (65) shows that it would take τsp = a/|da/dt| ≈
10a−5− 100a−5 Gyr to destroy the relativistic grains via
sputtering. Thus, the sputtering is negligible for the de-
struction of relativistic grains in the IGM. The presence
of intergalactic dust and circumgalactic dust certainly
disfavors the survival of relativistic dust since a single
grain-grain collision can destroy the grain completely.
The same as in the ISM, Coulomb explosion by colli-
sional charging is expected to be important for the de-
struction of relativistic dust in the IGM after sweep-
ing up a gas column NCoul ∼ 10
17 cm−2. For nIGM ∼
10−4 cm−3, the maximum distance traversed by the grain
is Lmax ∼ NCoul/nIGM ∼ 300(nIGM/10
−4 cm−3) pc,
which is small for intergalactic scales.
Photoelectric emission by CMB photons is unlikely im-
portant due to low photon energy. For Coulomb ex-
plosions, the CMB photon energy must be boosted to
hν′ ∼ γhν ≥ eφmax ≃ 10
3a−5 eV in the GF. The av-
erage energy of CMB photons in the IGM at redshift z
defined by the ratio of the total radiation energy density
to the total number of photons is hν¯CMB = 2.7kBTCMB ≈
6.34(1+z)×10−4 eV where TCMB = 2.726(1+z) K, which
corresponds to hν′ ∼ γhν¯CMB ∼ 6.34(1+ z)× 10
−4γ eV .
Thus, CMB photons are important for grain disruption
if γ > 1.6× 106(1 + z)−1a−5.
The IGM is also filled with cosmic infrared radiation
(CIB), optical background (OB), and ultraviolet back-
ground (UVB), which originate from galaxies, quasi stel-
lar objects, and quasars (see Gispert et al. 2000).
CIB radiation can be described by thermal dust emis-
sion with βCIB ∼ 1.4 and TCIB ∼ 13K (Gispert et al.
2000), such that hν¯CIB ∼ 0.005eV. Thus, these pho-
tons are relevant for Coulomb explosions for γ >
103a−5/0.005 ∼ 2× 10
5a−5.
OB-UVB radiation should be important for photo-
electric emission and Coulomb explosions. For quan-
titative estimates, we consider the IGM at z ∼ 3
where the OB-UVB spectrum can roughly be described
by a power law Jν = J0(ν/ν0)
−1.9 with hν0 =
13.6 eV and Jν0 ∼ 10
−21 erg cm−2 s−1Hz−1 sr−1 (see
Bianchi & Ferrara 2005).
The number density of photons that can induce
Coulomb explosions is given by
nν>νCoul =
∫ νmax
νCoul
4πJν
chν
dν, (82)
where hνCoul = eφmax/γ ∼ 10
3a−5/γ eV, and hνmax =
54.4 eV is the sharp cutoff of UVB spectrum (see
Bianchi & Ferrara 2005).
Plugging Jν into Equation (82) one obtains
nν>νCoul ≃ 4.7× 10
−3
[(
10−3γ/a−5
)1.9
− 5× 10−4
]
cm−3.(83)
To obtain nν>νCoul > 0, Equation (83) yields γ >
19a−5. For photoelectric yield Y ∼ 0.1 and Qabs ∼ 0.1,
it is straightforward to show that the 0.1µm relativistic
dust with γ > 20 would be electrically disrupted after
moving a distance Lmax ∼ 500 kpc, less than the dis-
tance to the closest Andromeda galaxy.
If relativistic dust is made of ideal material, then
ion field emission will prevent Coulomb explosions
to occur and help the grains to survive over a gas
column Ngas,ife ∼ 10
20 cm−2 or distance Lmax ∼
324(nIGM/10
−4 cm−3) kpc. Therefore, relativistic dust
hardly survives in the IGM.
8.4. Can relativistic dust survive in the solar radiation
field?
The solar radiation field is the most important, final
barrier that relativistic grains must overcome to reach
the Earth’s atmosphere as primary particles of CRs.
We have calculated the grain equilibrium temperature
as a function of solar distance and evaluated the frac-
tion of grain size lost by sublimation by the time the
grain reaches 1AU. The destruction by Coulomb explo-
sions is also revisited by using an improved treatment of
photoelectric charging that takes into account the pho-
toemission of Auger and secondary electrons. The same
as the grain temperature, the grain equilibrium charge as
a function of solar distance is also calculated. Thereby,
the grain size a and Lorentz factor γ of relativistic grains
that survive the solar radiation field can be determined.
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In Figure 15 we summarize the obtained parameter
space (a, γ) for the survival and destruction of silicate
(left) and graphite (right) grains in solar radiation. The
grains with (a, γ) located in the gray areas in Figure
15 would survive both Coulomb explosions and thermal
sublimation to enter the Earth’s atmosphere. The grains
with (a, γ) located above the solid lines (with circle sym-
bols) would be destroyed efficiently by sublimation, grad-
ually releasing heavy atoms/nuclei when approaching the
Earth.
Thermal sublimation appears to be a powerful mech-
anism in destructing relativistic grains, which results
in the complete destruction of grains with γ > 10 −
100, whereas Coulomb explosion is dominant for small
graphite grains only (see Figure 15). It is noted that
earlier studies mostly focused on melting as a princi-
pal destruction process of relativistic dust in solar ra-
diation (see e.g., McBreen et al. 1993), although it is un-
clear whether melting has any significant effect on the
destruction of refractory dust. Moreover, our obtained
threshold for grain survival γ < 10 (silicate) is lower
than γ ∼ 360 found in Elenskii & Suvorov (1977) for
irons and much lower than the result γ ∼ 104 − 105 by
Bingham & Tsytovich (1999). Table 1 summarizes the
Lorentz factor γ achieved by radiation pressure, various
destruction processes, and the survival of relativistic dust
in the solar radiation field investigated previously and in
this paper, where NA indicates that the process is not an-
swered and NQ indicates that the process is mentioned
but not studied in detail.
8.5. Observational Constraints of UHECRs and
Relativistic Dust Hypothesis
Our detailed calculations reveal that, if there exists
relativistic dust entering the solar system, then there will
exist a window (a, γ) that the grains could survive solar
radiation and reach the Earth’s atmosphere.
After entering the Earth’s atmosphere, a relativistic
grain is expected to produce a huge EAS corresponding
to the superposition of ∼ 1010 shower events initiated
by an energetic nucleon. The depth of the maximum
shower Xmax induced by relativistic dust is estimated to
be rather low, which was shown unable to account for the
observational data (Linsley 1980). Latest measurements
essentially provide the maximum depth of EAS Xmax ∼
700 − 800 g cm−2 for E ∼ 1018 − 1020 eV, which can
be reproduced by heavy nuclei lighter than irons (see
Aloisio et al. 2012; Aab et al. 2014). Such heavy nuclei
must have huge Lorentz factor (γ ∼ 109) to account for
UHECRs though.
It is worth to mention that Monte Carlo simulations
by Anchordoqui (2000) show that the air shower event
recorded at the Yakutsk array on May 7, 1989 might
be explained by relativistic dust with log(γ) = 3.8 −
4. However, as shown by us, dust grains moving with
such high γ hardly survive traversing the ISM and solar
system to reach the Earth’s atmosphere (see Figure 15).
Following Linsley (1980) the maximum depth Xmax is
approximately given by
Xmax = A+ (1 −B)X0 lnγ < A+X0 lnγ, (84)
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where X0 = 37.7 g cm
−2, A = 110 ± 20 and 0 < B < 1.
For relativistic dust with γ < 100, it yields Xmax <
300 g cm−2, which obviously cannot reproduce the ob-
servational data aforementioned.
8.6. Effects of magnetic fields on grain motion
One remaining issue is the effect of ambient magnetic
fields on the acceleration of dust by radiation pressure
near the radiation sources. The ratio of magnetic pres-
sure pmag = B
2/8π to radiation pressure is given by
pmag
prad
=
B2
8π
4πr2c
〈Qpr〉Lbol
≃ 3.7× 10−10B210r
2
pc
(
1013L⊙
〈Qpr〉Lbol
)
,(85)
which indicates that magnetic pressure is negligible com-
pared to radiation pressure during the acceleration stage.
Grain motion in the magnetized ISM is inevitably con-
strained by the Lorentz force if it does not move along the
mean magnetic field lines. The gyroradius of a charged
grain moving across B with perpendicular velocity v⊥ is
rg =
mgrcv⊥
〈Z〉eB
≃ 0.6
(v⊥
c
)
〈Z〉−1B−110 ρˆa
3
−5 kpc, (86)
where 〈Z〉e is the equilibrium charge of the grain.
One should not assume that charged grains move
along the field lines. However, due to the magnetic
field wandering of Alfve´nic component of MHD tur-
bulence,9 the grain will move across the mean mag-
netic field, while following the local magnetic field di-
rection. The corresponding field wandering is described
in Lazarian & Vishniac (1999), and it results in superdif-
fusive behavior at scales less than the turbulence injec-
tion scale (see Lazarian & Yan 2014) and diffusive be-
havior at scales above the turbulence injection scale. The
latter scale in our galaxy is associated with supernovae
explosions and around 100 pc. According to Equation
(86) the superdiffusive behavior may be important for
grains with a < 0.2µm and 〈Z〉 ∼ 30 for nonrelativis-
tic grains in the ISM. For relativistic grains with much
higher mean charge, the superdiffusion will be achieved
for larger grains.
9 A discussion and practical procedures of decomposing mag-
netic fields into Alfve´nic, slow and fast modes are given in
Cho & Lazarian (2002, 2003) and Kowal & Lazarian (2010).
8.7. Other related effects of relativistic dust
In the ISM, relativistic grains heated to tempera-
ture Td (dominantly by gas collisions) will isotropically
reemit thermal radiation with the average energy per
photon (3 + βd)kBTd in the GF where βd ∼ 1.5 − 2
(Planck Collaboration et al. 2014) is the spectral index
of dust opacity. Dust grains with γ > 103 can be heated
to Td > 10
3K in regions with ngas ≥ 10
3 cm−3 (see Fig.
13). In the observer’s frame, reemitted photons will have
energy hν¯ ∼ γ(3 + βd)kBTd) > 258(1 + βd/3) eV, which
are X-rays. A consequence of collisional heating by the
gas is grain’s deceleration due to the conversion of its ki-
netic energy into thermal radiation, although this slowing
down is likely inefficient for the diffuse media. In another
context, Hayakawa (1972b) suggested that the scattering
of CMB by relativistic grains with high γ may produce
metagalactic X-rays.
Relativistic dust was also suggested to explain gamma-
rays by Grindlay & Fazio (1974). According to this
study, an iron grain moving with γ ∼ 103 will ex-
plode suddenly within 105 AU, releasing Fe ions/atoms.
Blueshifted solar photons can then excite K-shell elec-
trons of the Fe ion/atom to higher energy levels, and
followed radiative transitions to the ground level will
produce X-ray photons of energy Eν,GF. Therefore,
in the observer’s frame, we will see photons of energy
Eν,SF = Eν,GFγ(1 + cosφ) < γEKα with φ the emission
angle of photon relative to the grain motion direction.
For instance, an Fe ion released from the relativistic grain
moving with γ ∼ 102 can produce gamma-rays with max-
imum energy Eν ∼ 700 keV. Hence, the grains with (a, γ)
above the thick solid lines would explode within distance
less than 105AU from the Sun, simultaneously releasing
a huge number of relativistic heavy ions/atoms. Such
relativistic ions/atoms may create gamma-ray bursts.
In addition to grain heating and charging, strong solar
radiation may slow down relativistic grains when they en-
ter the solar system. Using Equation (16) and accounting
for the Doppler blueshift we can estimate the decelera-
tion time at 1 AU to be τdec ∼ 2.6×10
10γ−1(1+β)−2a5 s
for v ∼ c,< Qpr >= 1, and L = L⊙. Thus, the decelera-
tion by solar radiation pressure is negligible for relativis-
tic grains.
The effect of infrared (IR) emission from Earth and
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TABLE 1
Summary of previous works on relativistic dust and our study
Authors acceleration melting explosion sublimation sputtering grain survival
collision
Spitzer (1949) v ∼ 0.1c NA NA NA NQ NQ NQ
Hayakawa (1972a) γ ∼ 10 NA NA NA NA NA NA
Berezinsky & Prilutsky (1973) NA NA γ > 30− 50 NA NA NA γ < 30− 50
Grindlay & Fazio (1974) NA γ >∼ 10
3 γ > 5a
−5(hν/1 eV ) NA NA NA NQ
Elenskii & Suvorov (1977) NA NA γ > 360 NA NA NA iron, γ < 360
McBreen et al. (1993) NA iron, γ > 1 NA NA NQ NA tungsten
Bingham & Tsytovich (1999) γ ∼ 10 NA γ > 104 NA NA NA γ < 104
This work γ < 2 see text quantified quantified inefficient efficient γ < 10− 100
Moon appears to be unimportant for grain destruction.
Indeed, the ratio of energy density at distance dE from
the Earth to the solar energy density at distance ∼ 1AU
is urad,E/urad,⊙ ∼ (TE/T⊙)
4(1AU/R⊙)
2(RE/dE)
2 where
R⊙ is the Sun radius, TE ∼ 300K is the Earth tem-
perature, and RE is the Earth radius. Let assume
that the Earth emission begins to be important when
urad,E/urad,⊙ ∼ 0.1. Then, we get dE ∼ 2RE and the
arrival time 2RE/c ∼ 0.02 s. The latter time is much
shorter than the sublimation time given by Equation
(43). The effect of Moon radiation is apparently much
weaker due to the much smaller ratio of its radius to the
distance to Earth, i.e., (RM/dM)
2.
9. SUMMARY
We revisited the idea of relativistic grains as pri-
mary particles of UHECRs by studying in detail vari-
ous destruction mechanisms, including thermal sublima-
tion and Coulomb explosions, electronic sputtering, and
grain-grain collisions. Our principal results are summa-
rized as follows:
1. Grain acceleration by radiation pressure force from
AGNs is revisited taking into account the redshift
of radiation spectrum in the grain comoving frame
and explicit dependence of the pressure efficiency
on grain size and Lorentz factor γ. Our results
show that the maximum grain speeds achieved are
γ < 2, i.e., several times lower than earlier simple
estimates.
2. In the solar radiation field, we found that thermal
sublimation is a powerful mechanism for the de-
struction of relativistic grains, which can destroy
silicate grains with γ > 10 and graphite grains of
γ > 100. Coulomb explosions due to photoelectric
emission are found to be efficient for relativistic
dust with γ > 102 − 103.
3. A parameter space (a, γ) that relativistic grains
could survive thermal sublimation and Coulomb
explosions in the solar radiation field is identified.
Compared to previous studies, our results reduce
the survival chance of relativistic dust and thus its
possibility as primary particles of UHECRs.
4. In the ISM, relativistic grains would be destroyed
via Coulomb explosions after traversing a gas col-
umn density NCoul ∼ 10
16 − 1018 cm−2 due to col-
lisional charging. For near-ideal strength material
ion field emission would help relativistic dust to
traverse a larger gas column Nife ∼ 2× 10
20 cm−2.
5. We studied electronic sputtering by ions and its
effect on the destruction of relativistic dust. Al-
though heavy Fe ion is found to produce consider-
able sputtering yield (Ysp ∼ 10
−2), its low abun-
dance makes the net sputtering yield rather small.
The destruction by electronic sputtering is ineffi-
cient for relativistic grains.
6. The evaporation induced by grain-grain collisions
in the ISM is an efficient destruction mechanism,
for which relativistic grains with a ≤ 1µm can be
completely destroyed after sweeping a gas column
density Ncoll ∼ 5× 10
20 cm−2.
7. Relativistic dust from extragalactic origins appears
to have extremely narrow chance to survive moving
in the IGM due to Coulomb explosions induced
by OB-UVB radiation and gas collisions. Ion field
emission would help relativistic dust made of very
strong material to survive Coulomb explosion, but
collisions with intergalactic dust should destroy
them quickly.
8. Relativistic dust of ideal strength with γ < 10−100
arriving from a distance with Ngas ∼ 10
20 cm−2 in
the Galaxy would survive both the ISM and solar
radiation to reach the Earth’s atmosphere. Given
unknown acceleration mechanisms that can drive
grains to γ ≫ 1 and the low Xmax predicted for
these surviving grains, the chance for relativistic
dust to account for primary particles of UHECRs
is much lower than previously thought.
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Fig. 16.— Absorption efficiency Qabs as a function of photon energy for different grain sizes for silicate (left) and graphite (right) grains.
A sharp spectral feature at E ≈ 291 eV in the right panel corresponds to the excitation of K-shell of C atom. Several spectral features in
silicate grain (left panel) are also due to K-shell excitations of Si, Mg, O and Fe atoms.
APPENDIX
A. GRAIN PHYSICS
A.1. Absorption and Radiation Pressure Cross-Section
For a spherical grain of radius a, the absorption and scattering efficiency of radiation of wavelength λ is given by
Qabs = Cabs/πa
2, Qsca = Csca/πa
2, where Cabs and Csca are the absorption and scattering cross-sections, respectively.
The radiation pressure efficiency is defined as Qpr = Qabs+(1−〈cosθ〉)Qsca where 〈cos θ〉 is the scattering asymmetrical
factor with θ scattering angle.
Throughout this paper (unless specified otherwise), we consider a mixed-dust model that consists of silicate and
graphite grains. Their complex refractive index m and dielectric functions ǫ are taken from Draine (2003). Using the
publicly available Mie code (Wiscombe 1980), we compute Qabs, Qsca and 〈cos θ〉 for x = 2πa/λ < 2× 10
4.
For x > 2× 104, the anomalous diffraction theory (van de Hulst 1957) is employed, which provides
Qabs = 1 +
exp [−4xIm(m)]
2xIm(m)
+
exp [−4xIm(m)]− 1
8x2Im2(m)
, (A1)
where Im(m) denotes the imaginary part of m. In this case Qpr = Qabs due to negligible scattering effect.
To compute Qabs and Qpr for graphite grains, we consider two cases in which the electric field of radiation E is
parallel and perpendicular to the grain optical axis (c-axis) with the corresponding dielectric function ǫ‖ and ǫ⊥. Using
the (1/3)− (2/3) approximation (i.e., 1/3 of graphite grains have ǫ = ǫ‖ and 2/3 of them have ǫ = ǫ⊥), one can obtain
the extinction cross-section Cext = [Cext(E‖c) + 2Cext(E ⊥ c)] /3 for a randomly oriented grain. Figure 16 shows Qabs
as a function of photon energy computed by Mie theory for silicate (left) and graphite (right) grains.
A.2. Dust survival radius near a point source of radiation
The grain equilibrium temperature at distance r from the central radiation source can be approximated by
Td(r) = 1800
[(
LUV
5× 1012L⊙
)1/2(
1 pc
r
)2]1/5.6
K, (A2)
where LUV is the luminosity in the optical and UV, which is about a half of the bolometric luminosity (see e.g.,
Scoville & Norman 1995). By setting Td equal to sublimation temperature Tsub, the closest distance that dust can
survive is equal to
rsub =
(
LUV
5× 1012L⊙
)1/2(
Tsub
1800K
)−5.6/2
pc. (A3)
For SN explosions with LUV ∼ 5× 10
8L⊙, we get rsub ∼ 0.01 pc. For AGN with LUV ∼ 10
13L⊙, we get rsub ∼ 1 pc.
Due to radiation pressure, grains are rapidly accelerated to high velocities from rsub. Comparing τacc with τsub, we
see that grains initially at ri = rsub are likely destroyed by sublimation before achieving their terminal velocities, while
grains with ri ≥ 1.5rsub will survive the sublimation and get their highest velocities.
The interstellar medium surrounding AGNs is fully ionized by its strong UV radiation. The grain equilibrium charge
due to photoelectric emission and collisional charging is
〈Z〉 = 1.3× 103a−5
(
Lγ13
ne8r2pc
)2/11
T
1/11
e4 , (A4)
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where Lγ is the total UV and X-ray luminosity and Lγ13 = Lγ/10
13L⊙, ne8 = ne/10
8 cm−3 is the electron number
density, and Te4 = Te/10
4K is the gas temperature (see more details in Scoville & Norman 1995).
For the diffuse medium that is important for grain acceleration ne < 10
4 cm−3, 〈Z〉 < 104a−5
(
Lγ13
ne4r2pc
)2/11
T
1/11
e4 .
Comparing to Zmax, we can see that the a > 0.01µm grains would be unlikely destroyed by Coulomb explosions. At
distance r ∼ 100 pc from quasars with Lγ ∼ 10
13L⊙ where grains have achieved terminal velocity, we get 〈Z〉 = 4285a−5
for the ISM with ne = 10 cm
−3 and Te ∼ 5000K.
A.3. Effect of ion sputtering during the grain acceleration stage
To evaluate the impact of grain erosion by ion sputtering during the radiation acceleration stage from AGNs, we
write da/dv = da/dt× dt/dv. Using Equations (10) and (65) for dv/dt and da/dt, one obtains
da
a
=
(
16πr2c
3Lbol〈Qpr〉
)[
ngasMdYsp(v)v
2
4ρ
]
dv
v
≃ 2.09× 10−4n3
r2pc
L13〈Qpr〉
(
Md
mC
)
ρˆ−1
Ysp(v)
0.1
( v
103km
)2 dv
v
, (A5)
where n3 = ngas/10
3 cm−3, L13 = Lbol/10
13L⊙. It can be seen that even a high sputtering yield Ysp ∼ 0.1 (maximum
yield by He, see Tielens et al. 1994) is adopted, the destruction by sputtering is still negligible compared to the
acceleration for v ≤ 1000 km. Above ∼ 1000 km, Ysp(v) rapidly declines with v as 1/v
2 due to the decrease of
Coulomb collision cross-section, which substantially reduces the sputtering yield (see Tielens et al. 1994).
B. LORENTZ TRANSFORMATIONS OF RADIATIVE QUANTITIES
Some quantities are invariant under Lorentz transformations, so-called Lorentz invariants, which are the same in the
different inertial frame of reference. These include the total number N of photons or atoms, 4-volume dV dt, d3p/E,
and the phase volume dV = d3xd3p.
Assuming that a dust grain is moving with γ ≫ 1 in a radiation field. Let µ = cos θ be the cosine angle between
the direction of grain motion and that of photon propagation, and let u(ν,Ω) = dE/dνdΩdV be the specific spectral
energy density of radiation in the SF. In the GF, the photon energy hν′ and specific spectral energy density u′(ν′,Ω′)
are governed by the following transformations:
u(ν,Ω)
ν3
=
u′(ν′,Ω′)
ν′3
,
n(ν,Ω)
ν2
=
n′(ν′,Ω′)
ν′2
, ν′ = γν(1− βµ), µ′ =
µ− β
1− βµ
, dµ′ =
dµ
γ2(1− βµ)2
=
dµ
D2
, (B1)
where n = u/ν and n′ = u′/ν′ are the photon density in the SF and GF, respectively (see Dermer & Schlickeiser 2002).
The spectral energy density is given by
u(ν) =
∫
dΩu(ν,Ω). (B2)
For an isotropic radiation field, u(ν,Ω) = u(ν)/4π, and we obtain
u′(ν′,Ω′) =
u(ν)
4π
D3, or u′(ν′, µ′) =
u(ν)
2
D3, (B3)
where D = γ(1− βµ) is the Doppler parameter, and the symmetry of emission over the azimuthal angle is assumed.
The energy density of radiation from an isotropic source in the GF is then equal to
u′(ν′)dν′=
∫
dµ′u(ν′, µ′)dν′ = dν′
∫ 1
−1
dµ
D2
u(ν)
2
D3 = dν
u(ν)
2
∫ 1
−1
dµD2,
=u(ν)dν ×
1
2
∫ 1
−1
dµγ2 (1− βµ)2 = u(ν)dνγ2
(
1 +
β2
3
)
, (B4)
where the integration over µ is taken from −1 to 1, over the entire space of isotropic incident radiation. Cosmic
microwave background (CMB) radiation and interstellar radiation field (ISRF) are examples for the isotropic radiation
field.
Let urad =
∫
dνu(ν). The total energy density from the isotropic radiation field in the GF is then equal to
u′rad=
∫
dν′u′(ν′) =
∫
dνu(ν)γ2
(
1 +
β2
3
)
= uradγ
2
(
1 +
β2
3
)
. (B5)
For a unidirectional radiation field from a point source (e.g., Sun) with luminosity L =
∫
Lνdν,
10 the specific spectral
energy density u(ν, µ) can be represented through a δ function as follows:
u(ν, µ) =
Lν
4πd2c
δ(µ− µgr), (B6)
10 The spectral luminosity from a star of radius R⋆ and surface temperature T⋆ is Lν = 4piR2⋆piBν(T⋆) where Bν(T⋆) is the Planck
function, and L =
∫
Lνdν = 4piR2⋆σT
4
⋆ .
23
where f = Lν/4πd
2 is the flux of radiation energy at the grain’s position, and δ(µ−µgr) denotes the fact that the flux
of radiation energy is defined as the energy propagating through an surface unit perpendicular to the the radiation
direction (i.e., µgr = ±1). The spectral energy density from a point source is given by the usual expression:
u(ν) =
∫
dµu(ν, µ) =
Lν
4πd2c
. (B7)
In the GF, the incident radiation becomes focused, and we obtain u(ν′)dν′ =
∫
dµ′u(ν′, µ′)dν′ as the following:
u′(ν′)dν′=
∫
dµ′u(ν, µ)D3(Ddν) =
∫
dµ′D4
Lν
4πd2c
δ(µ− µgr)dν =
Lν
4πd2c
dν
∫ 1
−1
dµ
D2
δ(µ− µgr)D
4,
=
Lν
4πd2c
dν
∫ 1
−1
dµδ(µ− µgr)γ
2(1 − βµ)2 = u(ν)dν
∫ 1
−1
dµγ2(1− βµ)2δ(µ− µgr) = u(ν)dνγ
2(1− βµgr)
2.(B8)
where µgr = −1 for the case the grain arrives from the direction opposite to the Sun.
The total energy density from a point source in the GF is then equal to
u′rad=
∫
dν′u′(ν′) =
∫
dνu(ν)γ2(1 − βµgr)
2 = uradγ
2(1− βµgr)
2. (B9)
In the assumption of monochromatic approximation, the spectral energy density of radiation can be represented
through urad by a δ function u(ν) = uradδ(ν − ν¯), where hν¯ is the average energy of a photon, and urad( erg cm
−3) is
the total energy density.
C. PHOTOEMISSION OF ELECTRONS FROM DUST BY X-RAY AND COLLISIONAL IONIZATION
C1. Ionization Potential and Photoelectric Yield
In the GF, optical or near-UV photons appear as X-ray. The interactions of photons with relativistic dust grains is
similar to those of X-ray photons with stationary grains.
The energy threshold for photoemission from the band structure in the solid is given by
hνpet = IP(Z) for Z ≥ −1, and hνpet = IP(Z) + Emin for Z < −1. (C1)
where IP(Z) is the valence band ionization potential of a grain of charge Z, which is given by
IP(Z) =W +
(
Z +
1
2
)
e2
a
+ (Z + 2)
e2
a
0.3A˚
a
(C2)
with W the work function (i.e., the energy needed to bring an electron from the highest occupied level in the neutral
solid to infinity with zero kinetic energy), and
Emin = 0 for Z ≥ −1, and Emin = θ(ν = |Z + 1|)
(
1− 0.3
(
a
10A˚
)−0.45
|Z + 1|−0.26
)
for Z < −1. (C3)
where θ is given in Draine & Sutin (1987).
The detailed treatment of photoelectric emission by high-energy photons is presented in WDB06, where the photo-
electric yield is represented through three functions y0, y1 and y2:
Y (hν, Z, a) = y2(hν, Z, a)min[y0(Θ)y1(a, hν), 1]. (C4)
To compute y0, y1, and y2, we need to known the absorption cross-section σi,s for shell s of element i (DS96), which
can be obtained using the FORTRAN code phfit2 via the link http://www.pa.uky.edu/∼verner/fortran.html. Ionization
potentials for inner electronic shells are listed in Table 1 of WDB06.
C2. Collisional ionization and Charging Rate
A relativistic incident particle can be assumed to move in a straight trajectory through the grain and impulsively
transfers part of its momentum to atomic electrons that are assumed to be at rest during the interaction (Bohr
approach). In such an impact approximation, the transverse momentum ∆p⊥ and kinetic energy transferred from the
incident particle moving with velocity v and impact factor b to the atomic electron are given by
∆p⊥ =
2ZP e
2
bv
, T =
(∆p⊥)
2
2me
=
2Z2P e
4
mev2b2
. (C5)
The cross-section of the collision for kinetic energy in T, T + dT becomes
dσ =
2πZ2P e
4
mev2
(
1
T 2
)
dT. (C6)
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For an isolated atom, the electron kinetic energy must be larger than the atom ionization potential I to become a
secondary electron. We integrate this equation from I to Tmax to obtain the total ionization cross-section:
σI ≡ σT>I =
2πZ2e4
mev2
(
1
I
−
1
Tmax
)
. (C7)
In order for a secondary electron to escape from the positively charged grain, its kinetic energy must be sufficiently
large such that it will not be stopped within the grain before reaching the surface and to overcome the grain attractive
surface potential. The first criterion is given by T > IP(Z), whereas the second criterion can be derived as follows.
Following Draine & Salpeter (1979b), the energy loss and electron range can be represented by power laws:
dE
dx
= −AE1−n, Re(E0) = (An)
−1En0 , (C8)
where n = 1.5 and (An)−1 ≃ 300ρ−0.85(keV )−1.5A˚ for electron energy from 0.5− 100 keV.
The stopping length must be larger than the grain radius:
le ∼
E0
dE/dx
≥ a, so
dE
dx
≤
E0
a
. (C9)
Using Equation (C8) for the above equation we get
Eloss(keV) = (aA)
1/n =
(
aρ0.85/300nA˚
)1/n
≃ 3.17ρˆ1.7/3a
2/3
−5 . (C10)
Therefore, the kinetic energy of secondary electrons required to escape from the grain is roughly given by Tesc =
max(Eloss, IP(Z)). For a projectile ZP bombarding a grain of size a and charge Z, the ionization cross-section can be
written as
σI(ZP , a, Z) =
2πZ2P e
4
mev2
(
1
Tesc
−
1
Tmax
)
≈
2πZ2P e
4
mev2
(
1
Tesc
)
, (C11)
where the dependence of σI on v is omitted and Tmax ≫ Tesc for the relativistic case.
For a dust grain moving with velocity v ∼ c through the ambient gas, the total charging rate due to collisions with
nuclei and electrons is respectively given by
Ji(v, a, Z) = γ
∑
P=H,He
nP vσI(ZP , a, Z)× ZdNd, Je(v, a, Z) = γnevσI(1, a, Z)× ZdNd, (C12)
where Zd is the mean atomic charge of the target atom and Nd = nd4πa
3/3. It is noted that for the same relativistic
velocity, the ionization cross-section for H proton and electron is the same (see Equation C11). Here, the charging
by heavy nuclei is disregarded because their abundances are essentially more than one order of magnitude lower than
1/Z2P .
For the typical ISM comprising hydrogen (90%) and He (10%), the total number density of electrons in the gas and
atoms is ne = n(H)+2n(He) = 0.9ngas+2× 0.1×ngas ≃ 1.21nH where the H proton density nH = n(H) = 0.9ngas has
been used. For this case, it is easily to show that Ji ≃ 1.44γnHvσI(ZP = 1, a, Z)×ZdNd and Je ≃ 1.22γnHvσI(ZP =
1, a, Z)× ZdNd. Thus,
Jcoll(v, a, Z) = Ji + Je = 2.66γnHvσI(ZP = 1, a, Z)× ZdNd = 2.39γngasvσI(ZP = 1, a, Z)× ZdNd (C13)
If collisional charging is dominant, then we can evaluate the column density of gas traversed by the grain upon
Coulomb explosions (Z = Zmax) as the following:
NCoul = ngasLmax = ngasγv
∫ Zmax
0
dZ
Jcoll(v, a, Z)
=
∫ Zmax
0
dZ
2.39σI(ZP = 1, a, Z)Zdnd4πa3/3
(C14)
Assuming that grains are rapidly charged to Zmax ∝ a
2 and we take Tesc = IP(Zmax) = eφmax then
Jcoll(v, a, Zmax) = 2.39γngasv
(
2πe4
mev2
)
ZTnd4πa
3/3
eφmax
= 2.39γngasv
(
8π2e4ZTnd
3mev2
)
a4
e2Zmax
(C15)
where φmax = (4πSmax)
1/2a ∼ eZmax/a.
Using Zmax = 7.4× 10
4
(
Smax/10
10dyn cm−2
)1/2
a2−5 one obtains
NCoul =
(
3mev
2
8π2e4ZTnd
)
(7.4× 104ea2−5)
2
2.39× 10−20a4−5
≃ 3.1× 1016β2n−123
(
10
ZT
)(
Smax
1010dyn cm−2
)
cm−2, (C16)
which reveals the independence of NCoul on the grain size.
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If Tesc = Eloss ∝ a
2/3, then we get NCoul ∝ ZmaxEloss/a
3 ∝ a−1/3, which indicates the increase of NCoul with the
decreasing grain size.
For ideal material, ion field emission becomes important for Z > Zmax, and each subsequent ionization will result in
the emission of one atom. The gas column density traversed by the grain up to complete destruction is
Nife=γngasv
Nd
Jcoll(Zmax)
=
1
2.39
(
3mev
2
8π2e4ZTnd
)
4πa3nd
3
(
e2Zmax
a4
)
,
≃ 1.8× 1020β2
(
10
ZT
)(
Smax
1010dyn cm−2
)1/2
a−5 cm
−2. (C17)
D. VELOCITY, MOMENTUM AND ENERGY OF RELATIVISTIC PARTICLE
Let E be the kinetic energy of the particle, γ be the Lorentz factor and β = v/c. In this paper, the particle energy
is implicitly referred to as its kinetic energy. The momentum of the particle is p = γβmc. Let recall that the total
energy of a particle is
E2tot=E
2
0 + p
2c2 = E20 + β
2γ2E20 = E
2
0(1 + β
2γ2) = E20γ
2, (D1)
where E0 = mc
2 is the particle energy at rest, and γ2 = 1/(1− β2) has been used.
The kinetic energy is defined as E = Etot − E0 = E0 (γ − 1). Thus, we have the followings:
γ = 1 +
E
E0
, β =
√
E(E + 2E0)
E + E0
. (D2)
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